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PREFACE TO THE SECOND EDITION 


As stated in the Preface to the First Edition, this entire 
work has been planned on the basis of the fact that one cannot 
really understand the application of heat to power plant work 
unless one is familiar with the basic fundamentals of the sub- 
ject. Hence, the first fourteen divisions of this book have 
been devoted to the theory of heat, presented by the author in 
simple language and without the use of complicated mathe- 
matics. 'Since the theory of heat as covered in this book has 
not changed, little revision has been necessary in this part 
of the book. The remainder of the book deals with the 
application of these fundamentals to power plants. The art 
of power plant design has advanced materially since the 
author’s original work; hence these latter divisions needed 
revising. Mr. Croft was unable to undertake this work and 
I have been authorized to do it for him.,,. 

In revising this bo.blc l have endeavored to maintain the 
author’s style and sijnplicity of language and presentation. 


New York City, 
December. 1938. 


R. B. PUBDY. 




PREFACE TO THE FIRST EDITION 

Peacttgal Heat oiideavons to live up to its title. It 
(Muleavors to be just what its title indicates. It is a book on 
lu'at and the practical applications of heat, which may be 
iii{(‘lli^*(‘n(,ly followed by persons of limited mathematical 
attainments. A working knowledge of arithmetic should 
suffice. Matters of theoretical interest only have been 
avoided. While it is empliasized that this is a practical’^ 
l)()ok, it should not be inferred that theory has been ignored. 
On the (a)ntrary, the entire work has been planned on the 
basis of this fact, that one cannot really understand the prac- 
tical or application features of any subject unless ho is familiar 
with the fundauKuital theory of the subject. 

So, in Practical Heat great care has been ex(ircis(al in th(‘ 
pr(‘paration of its earlier divisions to establish firmly th(‘S(‘ 
fundamental principles which underlie all heat plumoinona. 
But in establishing th(‘S(‘ principles the controlling policy has 
b(Tn to pr(\s(‘nt, all id(,^as in such a way that they (am be readily 
uiuh'rstood l)y tkose of limited education. Whik^ simplicity 
has been the keynote, technical accuracy has never been sacni- 
fic(‘d. Hence, the book should also prove useful to any reachn* 
- — r(^gardl(‘ss of the (‘.xccikmcc^ of his ])r(‘vious education — who 
d(\sir(\s an a(unirat,(^, easily-assimilated treatment of the subject. 

Drawings for all of the illustrations were made especially 
for this work. It has been thcj endeavor to design and render 
th(‘s(‘ pictuiTs so that tluy will convey the desired information 
wit h a minimum of supphnnentary discussion. 

Throughout, tiie t,(^xt, principffis whi(jh arc presented are 
(\x|)lain(M:l witii illustrahxl (!(‘S(‘riptiv(^ expositions or with 
work('d-out ariliim(‘ti(ial (^xamph's. At the evnd of each of tlu) 
19 divisions then^ are (jii(\stions to be answered and, whore 
justifical, |)rol)l(‘ms to be solved by the reader. These qiu^s- 
tions and probknns arc bascxl on the tc^xt matter in the division 
just preceding. If the reader can answer the (iuestions and 
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solve the problems, he then must bo conversnu! with stil)- 
ject matter of the division. Detailed solutions to all of tlu* 
problems are printed in the appendix in th(‘ i)a(‘k of fhc' hook. 

As to the method of treatment: Forec', pnsssuna work, 
energy, and power, are first considcuvnl l>(u*a,us{‘ they an' 
fundamental concepts upon which all pliysi(*til scnc'iu'c' is 
founded. Next follows a discussion of the nature of In'a.t, its 
basic significance, its one source, and its n'lation to luat tc'r 
and temperature. 

Succeeding this, in the division on Heat -Its Mvasurrmt'til 
And Transformations, the fundamental laws of iH'ut pin'- 
nomena, such as the first law of (.iH'riuodynatnics, iIk' st'C'ond 
law of thermodynamics, and the fundamental h(‘at.-tra,nsf<'r 
equation, are expounded in a simple manner. lI])on thc‘ 
principles and laws which are stated in. this di\'ision (arid 
which are more fully developed in the suc(a'<'ding divisions) 
are based all practical engineering processes. 

The effects of heat, such as the expansion and e.ontraadion 
of solids and liquids, the heat phenomena of gas('s, the nn'lt ing 
and freezing of substances, vaporization, and the properlies 
of vapors, are then examined. In the division on IltHii 
Phenomena Of Gases it has been the endeavor to tn'at (his 
rather theoretical subject so that the practical manor oiu^ 
with little mathematical training — can readily undc'rsta, nd 
it. 

Following this discussion of the effects of heat, gas and \aapor 
cycles are introduced, since the principles involved therenn 
form the groundwork of all practical hcat-migim'! and heal- 
power-plant design. In the next division the sul)j(Hds of 
combustion, fuels, steam power plants, internaI”(*,ond>us(.ion- 
engine power plants, building warming, and n'frigerat ion arc^ 
given space, as they are the practical applwations of lu^at 
phenomena. In these '^application ’’ divisions the aim has 
been to demonstrate how the principles which were dovcdopc^d 
in the preceding divisions are employed in pracrtic.al hc-ai. 
engineering. Finally, a division on instruments is includcHl. 
In this are shown the various instruments which are (nuployc'd 
in heat engineering; their purposes, usefulness, and limitations 
are examined. 
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IX 


With this, as with other books which have been prepared by 
the author, it is the sincere desire to render it of maximum 
usefulness to the reader. It is the intention to improve the 
book each time it is revised and to enlarge it as conditions 
may demand. If these things are to be accomplished most 
effectively, it is essential that the readers cooperate. This 
they may do by advising the author of alterations which they 
feel would be desirable. Future revisions and additions will, 
insofar as is feasible, be based on such suggestions and criti- 
cisms from the readers. 

Although the proofs have been read and checked very care- 
fully by a number of persons, it is possible that some undis- 
covered errors may remain. Readers will confer a decided 
favor in advising the author of any such. 


Terrell Croft. 


University City, 
St. TjOuis, Mo., 
February, 1923. 
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PRACTICAL HEAT 


DIVISION 1 

FORCE, PRESSURE, WORK, ENERGY, POWER 

Such Terms As ‘‘Force,’* “Work,” “Energy,” And 
“Power” Are Discussed At The Outset because an under- 
standing of their technical significance is essential to the 
intelligent study of heat and its effects. As the reader pro- 
ceeds, it will be shown that heat is energy. Furthermore, 
energy is stored work and work is force multiplied by distance. 
If the student is thoroughly familiar with these ideas he need 
not, necessarily, read Div. 1. But probably, in any case, a 
review will be profitable. 

2. A “Force” Is A Push Or A Pull; this is the technical 
meaning of the word force. That is, a force is anything which 
has a tendency either to impart motion to a body which is at 
rest, or to change or destroy the uniformity of the motion of a 
moving body. A force may be due to an attraction or a repul- 
sion. Also, not only may a condition of rest or motion be 
altered by a force but the body itself may be altei'ed thereby. 
It may be stretched, compressed, twisted, or bent. 

Example. — If a force is applied to a stationary body, the body then 
moves or tends to move. If the body is already in motion, its speed or 
its direction of motion will be changed by the application of the force. 
Or, possibly, both its speed and its direction may be changed. The speed 
may be increased or decreased, depending on whether the force assists or 
opposes the motion. 

Example. — The most common force is that due to gravity. It is 
called weight. If a thing weighs 10 lb., this means that the earth pulls on 
it with a 10-lb. force. Steam exerts force on an engine piston. Internal 
steam pressure exerts force on the bolts in a flanged pipe union. The 
bolts exert a restraining force. 

3. The “Pound” Is A Unit For Measuring Force. — 
properly calibrated spring balance (Fig. 1) will indicate the 
magnitude of a force in pounds. Other weighing devices may 

1 
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sometimes be used to determine the magnitudes of fore.es. 
Although units other than the -pound such as the “ounce',” 
“gram,” “ton” and “ kilogram ’’—can bo used for nu'usunng 
forces, ’the “pound” is the one which will be employe'd most 


often in this book. 

Note — In Practically All Research Work, And Ai/ro<i*ETHNii 
In Europe, Great Britain Excepted, Metric Units Ark Used fer 
measuring forces and weights. 'Fhe gram is 



the metric-system unit of force am! weight. 
The Mlogranif a larger unit, is 1,000 grams. 
See Table 4. 

Example. — Figure 1 illustrates the force of 
gravity. Gravity is pulling tlu^ weight, 
down with a force of lb. 0|)i>o.sing the. 
downward pull, the spring in the balance is 
pulling up with a force of ZM lb. Thus li(‘re, 
as always, there are two equal and op|>osite 
forces. 

Example. — In Fig. 2, the spring balance is 
measuring pulling forces. Note that 1 h(‘re are 
two opposing 10-lb. forces. One is excTital l>y 
each hand. Those two forces must l)e etpial 
and opposite. 

Example. — To move a freight car (Fig. Z) 
along a track, a force, must be applied. 
This force, or draw-bar pull, is neccNssary it) 
overcome the friction of the wht^els on the 
track, that of the axles in the bearings, and the 
resistances due to wind pressure and imwtia. 


W'- ' vA The sum of these opposing forces must be 

equal and opposite to the dr aw -bar |>uH. If, 
in some manner, the friction l>e decrcujsed, the 
Fia. 1.™ Weight is force 6251b. will be morc than Hidlieient to 

baLneeSads*3H puU the oar at the speed at which i(, luul heen 

traveling. The excess force will t hen bet'ome 
effective in overcoming the inertia of the car. Ihus, the ear s spcHal \\ ill 
he increased until the wind and other resistances hecoirn^. HuOiciently 


due to gravity; the spring 
balance reads 31-^ lb. 


great that the 625-lb. draw-bar pull is just countcrbalamHul by them; 
then again the car will be drawn along at a constant though greater 


Note. — The Difference Between Weight Ani> Mabs sboiild h€ 
understood. Ths metss of o hody is that which TcmadfiB 'utwhufigcd tft ali 
the transformations which the hody may undergo. The weight of fx hod% 
is the gravitational force or pull which is exerted on Ihe body by the euTth^ 
The weight of a body is different at different points on the earth: on r 
mountain peak its weight will be less than at sea level. Were the bod^ 
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carried (if possible) to the center of the earth, its weight there would be 
zero. But its mass is independent of its position. The standard or 
unit of mass is (in the English system) the pound mass which is the 
amount of mass in a certain lump of metal that is carefully preserved in 
London^ The unit of weight is the pound force which is the force required 



Fia. 2. — Force due to a pull; the spring balance reads 10 lb. 


to support the standard pound (mass) body at sea level and 45 deg. 
latitude. Weights are indicated by spring balances; masses are indicated by 
platform balances. Thus, if a pound mass were supported by a spring 
balance and carried to different elevations, the balance would show 



Fig. 3. — Draw-bar pull (force) on freight oar. 


different weights for the same substance — ^if it were carried to the center 
of the earth it would read zero. But, if a pound mass were balanced on a 
platform scale against another equal mass, the two masses would balance 
at all points on or in the earth. 

It is a fact, however, that the weight of a body for different places on 
the earth's surface varies, between the extremes, by only about per 
cent. Hence, for all practical purposes, it may be assumed that the 
weight of a body is a measure of its mass. In this book, therefore, no 
distinction will, in general, be drawn between the mass of a body and its 
weight. The “pound” will be used to mean both “pound mass” and 
“pound weight.” 



4 Table Showing Relation of Metric-system to English-system Units Of Force Or Weight. The 
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5. ^^Pressure’* Is Force Per Unit Area, as the word is used in 
a technical sense; note that its technical meaning is different 
from its general meaning. If two substances are in forceful 
contact, the surface of contact of each substance forces or holds 
back the contact surface of the other. The intensity of the 
force at any point on the contact surface is called the pressui'e. 
If two solids (Sec. 50) are pushed against each other with a 
force and if, Fig. 5, the areas of contact are perfectly smooth 
plane surfaces, the force between the two solids is assumed to 
be of equal intensity throughout the entire area of contact. 
That is, each unit area of the contact surface is assumed to 
take its share of the total force between the two bodies. The 
force sustained by each unit area is called the 'pressure of 
contact. Now when a fluid (a liquid or a gas) is confined 
within a container, it will take the shape of the container — a 
liquid will contact with the sides and bottom of the container; 
a gas will contact with all of the interior surfaces of the con- 
tainer. The fluid will then exert a force against the container 
at every contact point. The intensity of the force at any point 
is called the pressure at that point. 

Note. — The Term “Pressure'' is Generalx-y Used Only For 
Fluids because it is doubtful whether the intensity of force between 
solids is ever uniformly distributed over the contact area as was assumed 
above. There are certain kinds of solids, however, which behave some- 
what as do liquids and for which the term pressure is also often used — - 
sand, soil, crushed rock, and similar finely divided substances are examples 
of such solids. 

6. Fluid Pressure At Any Point Is Equal In All Directions. — 
It is proved in text-books on physics that the same force 
is exerted upward, downward, or sideways upon a small area 
which is so moved about within a fluid medium that its center 
is always at the same point. This may be explained by the 
perfect freedom of movement of the particles (molecules, 
Sec. 50) of a fluid among one another. One particle of the 
fluid exerts the same force on the particles above, to the 
right, to the left, and (except for its own weight which is so 
very small) below it. Hence, the fluid pressure at any point 
is equal in all directions. At different points, however, the 
fluid pressures may be widely different. At any point the fluid 
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pressui’e depends on the heiglit a.ii<l nature of all fiui<I.s wliicJi 
are so situated above that point t.iiat they may pr^du(•^^ 
pressure at that point. How iluid pres8ur(‘S art‘ |>rodu(aal 
is explained below. 

Explanation. — ^I magine a huge square shait or stju*k^ AH Fig. 4, 
to extend from the bottom of a deep s(*.a to the heiglit ol (>() nules above 
sea~lcvcL Above this height \\v. tuny assume 

-60 that there is no air or atmos|>here. Uema\ 

55 - above the plane A tiuu'e is nothiug tltat eouhi 

I'l- .y'' press down on tlie |,>lane. .4, BetAVisai piam* .1 

1?^,, and plane C, however, (rxist a. few partieles, lut 

[ }’i j . — ns say, of the ligliba- gases whii’h t*ompo.su «.iir 

< 1 >40- atmosphere. 'Tht'Si* partleles are attraettai to 

^ '..'I • the earth by gravity. Uiuice, they push 

^ j: -.".y downward on the phuH‘ (\ 'therefore, each 

■ I square ineh. or other unit ar<ai winch go«*.s to 

S.1"^ make up plane C, is subjettt, to a forci* (tr 

h;- ii c“ pressin‘C. Between planes C and I> are HioiH‘ 

I . j -jy-' particles tlian hetw(‘(‘n .4 autl ( '■ because of 

the cornpi’essibility of gases. lh‘uee, thert* is a 

yA: i; greater downward push on plaui^ /> than mi 

b ■■■ b' ^ plane C. Thcrefor(\ eaeh s(piare ineh, say, of 

.i/rf ■iy'’: „ plane D sustains a grcaiic r foreo t han thnas eaeli 

li " square inch of jdnne ("• -'hat is, tht* lu'essure 

;4^T.yt'r* A> is greater than that at (<, 'Flu* pressun\s 

S'.5 on like planes below I) would thus bt* greater 
as they are taken nearer to the stai-hn el. 4'hu.s 
ihe force acting downwartl on piamj K is tluo 
‘y'"' to the weight of the gustos in .t/h Likewise at 

■ .4^'" (sea -level), the foi'ce pntssing (hnvnward (m 

ciJornlfr^^-' the surface of the water wouhl be t Iiat du<‘ to 

>eep:>sa the total column of atmosphere?; dy. 

Eia. 4:. — Illustrating why Unit area of would have** t,o snslniu its share* 
fluids exert pressure. of the weight of the gas(*H iu AS. 'Flu* varia- 
tions of atmospheric pre'SHun* are* givt‘n hi Se*c. IK 
If, now, we consider a plane F at some distam;e }h4ow s<‘a levs*!, we fiml 
that there is acting down on this plane the weight eif the?; vvati*r in A’F 
besides the weight of the air in A/SK The maximum prewsure* in the 
column would occur at the bottom pltme B which is subj(‘,et. to the* wi‘Ighi 
of all water in SB together with the weight of all of the^ air in A H, 

To summarize, it may be said that the deeper or higher the Jluid adufmi 
above a point and the greater the density of the fLuid^ the greater will Im tlm 
pressure at that point. 

7. The Units In Which Pressures May Be Expressed arc 
many. Since pressure is force per unit area and since forcetr 


hi!- i. 

'rr j r^'-Deep ^ea 
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may be measured in pounds, tons, and the like and areas may 
be measured in square inches, square feet, and the like, we 
have such pressure units as pounds per square inch, pounds 
per square foot, tons per square foot, and others. Furthermore, 
since any given pressure may be considered as the equivalent 
of that due to a liquid column of a certain height, it follows 
that pressures may be expressed in terms of liquid-column 
height. Hence, we have such pressure units as inches of 
mercury column, feet of water column, and others. The rela- 
tions of the various pressure units are given in Table 19 and 
Sec. 18. 

8. The Numerical Expression Of A Pressure is, as explain- 
ed above, obtained by dividing the total force which produces 
the pressure by the number of area units in the surface over which 
the total force is uniformly distributed. This form of expres- 
sion ordinarily assumes that the force is distributed uniformly 
over a contact surface. Hence the formula : 

W 

(1) P = (pressure) 


Wherein: P = the pressure, expressed numerically in the 
given unit of weight per assumed unit of area. W = the total 
load or force, expressed in any assumed unit of weight, which 
is applied to produce the total load or force. A = the total 



Fio. 5 . — Illustrating "force” and “pressure” in terms of pounds and square inches. 


surface, expressed in any desired unit of area, whereon the 
total force is uniformly distributed. 


Note, — If, in For. (1), W = pounds and A — square inches, then P — 
pounds per square inch. Also, if W — tons and A = square feet, then 
P = tons per square foot. And so with other combinations of the units 
of weight and area. 

Note.— -If the total non-umformly distributed force which is imposed 
on a surface, is divided by the area of the surface then, the result will be 
the average pressure. 
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■ Example,— A certain 364b. block (Fig, 5) a lorn! force of 

36 lb. on the area upon which it re.stH. ihi.s ar<*n ia J «*. J 4 aq. in. 

Hence, by For. (I), tiu^ average |>n*asiire t‘X(»iiea 


Force, Due to heigrhf 
ofScmol’^STins-, 

‘ 



by the block — P — W/A 
sq. in. 

Example. — A (pianiity of 


lit} 


b lih per 


aaritl (Fig. tV) is 
, .'■uiuari* inside. 
*a of '* >,! «'» IKHfp 
lltMiee, the tt*tal 
nri the Indfem of 
>r. f' I'd I lie pr<‘ssiire 
W/A S n- U 


poured into a box which 
Thus the 1>o.x lias a bottom 
ft. The sand weighs .S (<>n: 
load or forci’! which it impose 
the box is S toius. d'hen by I 
which the sand impose.s • P 
0.889 ton per aq. ft, 

9. Atmospheric Pressure (Boe. r>) is the 
pressure wliieh is (‘X<‘rtml by tlie i*artlFs 
atrnospliero. 41118 at niospln're f*xlen<ls for 
a great, though iinineasunMi, disfanee (h'ig 
7) above and i-n.sljroudifiv,, I lie r*:irf!i*s sur- 
face. Thedepthof (he'Ctirih’s atnuKspliere 
has been cstinudtnl l»y ditYerent. experi- 
menters; the estimates range f roin »10 i o 2 1 2 inih^s. litis a 1 1 1 h is- 
pheric pressure varies, according to ilu'ult it tnh\ ala >vesi‘a-level, 


J Vn/f 

■n Pressure 
Between 
Sex Ip 01 not 
Bottom or 




/ |<-.f 

''■Total Force . 

Between Soino^^ 
and Bottom of 
m-3T,m 

Fia. 6. — Illustrating: 
“force” and “pressure” 
in terms of tons and 
square feet. 


■E^ol 


-25^ 


°-2oi 



Pio. 7. — Showing how atmospheric pressure decreases as the height tint ttmrih 

increases. 

of the place at which the pressure is measured. At sea-lovcd 
the atmospheric pressure at a temperature of 32 ® F. is, so tests 



Sec. 10] FORCE, PRESSURE, WORK, ENERGY, POWER 


9 


Inches Mercury ‘Column 





showj about 14.7 lb. per sq. in. That is, a column of air, which 
has a cross-sectional area of 1 sq. in. and which extends from sea- 
level to the upper limit of the earth^^ nnonnho^ 1 7 7K 

or more exactly 14.696 Ih. Thus 
we are (at sea-level) existing 
with a pressure of 14.7 lb. per 
sq. in. which is imposed by the 
fluid in which we live on all por- 
tions of our bodies. The same 
pressure is imposed on all things 
which arc about us. But we 

are, ordinarily, unaware of 

the existence of this imposed 

pressure in the same way that 
a fish is, probably, unaware of 
the existence of the water in 

which it lives. 

Note. — The Decrease Op Atmos- 
pheric Pressure With Increase 
In Altitude (Fig. 8) is due to the fact 
that the depth of the atmosphere 
above an observer grows less as his 
altitude grows greater. The atmos- 
pheric depth above a man in an air- 
plane 2 miles above sea-lcvel is 2 miles 
less than the atmospheric depth above 
a man standing on the ground at sea- 
level. The man at sea-level is under 
the pressure — 14.7 lb. per sq. in. — due 

to the full depth of the atmosphere. The man in the airplane is 
relieved of the pressure due to the 2-mile depth of atmosphere beneath 
him and therefore (Fig- 8) the atmospheric pressure imposed on him is 
only about 9.6 lb. per sq. in. 


Atmospheric Pressure-lb.per Sq.ln. 


Fig. 8. — Variation of atmospheric 
pi'essure with altitude. (Duo to the 
compressibility of air, the pressure does 
not decrease directly with the height 
above the sea-level. Hence the graph 
is not a straight line.) 


10. Atmospheric Pressure Can Be Measured With A 
Barometer (Figs. 9 and 10). The barometer is an instrument 
which operates upon the principle (Fig. 11) of equilibrium 
between the weight of a column of mercury and the weight 
of a column of atmospheric air (Fig. 4) of the same cross-sec- 
tional area. Pressure which is read on a barometer is called 
barometric pressure or barometer reading. 



10 


PRACTICAL 11 PAT 




Explanation, — A glass or porcelain 
dish. (Fig. 12) contains a quantity of 
mercury, M. A 3-ft. (or longer) glass 
tube, closed at one end and having an 
inside, diameter of any size, is filled with 
mercury. The thumb (Fig. 12-/) is hehl 
over the open end of the tube. Tlui 
tube is then inverted. The ox>en end of 
the tube, still covered by the thuinl), is 
now thrust beneath the surface of thti: 
mercury in the dish. The thumb is then 
removed. With the tube hold vertically, 
the column of mercury therein will now 
fall away from the closed end. 'Fhc' 



Fiq. 9. 

Fig. 9. — Simple mercury barometer. 





U’Vi ‘ ' • • . 


o 



im, imrostwr every iLs kve' ef trs- rr.ci 
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r»V‘,i/y';5 }4.(M Lb, I- F il li ng T u b e H * I n v e r t e d 

Fig. 11. — Kquilibrium be- Fig. 12. — How a barometer may be 

tween column of atmospheric made, 

air and column of mercury of 
equal cross-section. 



Fig. 13. — Height of mercury Fig. 14. — Mercury-column 

column decreases when air height remains the same for 

pressure is lowered. vertical or inclined tube. 
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space, Sj above tbe falling column will bt‘ a in-acHraliy vatnmin 

because there is no gas above the inmairy. Ilerti'o the proHMin’ on top 
of the mercury column will be prii<‘,tically iSiTo. 

But the pressure beneath the mercury <‘i»lunm, at its base, nu ilio line 
AB (Fig. 11) will be the pressure of the atnio.splu're. If the ox|h ririiont m 
made at sea-level, when the tempi‘rat.urt‘ of (lu* air is h'., I lii\ pn ,' .> tire 
will (Fig. 11) be 14-.696 lb. per sq. in. 'riiercf<»n% the mrfotiryoMjhiiitiii 
will fall until, due to its height (weight), it will also exert a pror Muro of 
14.696 lb. per sq. in. This condition of <‘(|uilibrijnn u ill be affaitHHl 
when the mercury column falls to a h<‘ight of 2lK92 in. The nuiniiial 
height of the barometer mercury-column ut sea-hwad is nstially taken 
as 30 in. 

If the experiment is made at a point t.wo miles above sea-hnal, the 
atmospheric pressure (Fig. 8), due to the 2-nu*lt‘ diminution in tfte dopth 
of the atmosphere, will be about 9.t> lb. p<‘r s<i. in. Mqnilifuiiint will 
then be established when the niercury-cohin in falls t t> a height of 19. no in. 

If the mercury vessel of a barometer, const rtiettni u.s nf»ov<‘ specified, 
be arranged in an airtight closed clnimber with t iu^ nuasairy tube* exfeiu!- 
ing out of the top (Fig. 13) and the air 1)(‘ partially ejihausfed from the 
chamber, the mercury column will fall just as it wouhl if the barometer 
were carried to a higher elevation. With a, perfect vacuum in tin* ehain- 
ber, the top of the mercury in the tube will be at the .sjune level as that 
in the dish. When the dish is e.xposed to atmosplieric prtwure, however, 
the vertical height of the mercury column remaiTis (he same ll‘‘ig. M i 
whether the tube is inclined or vertical. 

11. The Aneroid Barometer (Fig. 15), jsinecMt is imnvh inorc^ 
portable and less liable to <l('rang(mnud., is offpu used for 
uu'usuring atinospiuulc. pn‘s.sun‘s, 
instead of tlio lutu'cniritd Igtnumder. 
This instrument lutiy l)e so aeeurately 
constructed as to indiciate a difftuauua* 
of elevation of 2 or 3 ft. 

Explanation,— The corrugabal top (Mg. 
15) of the airtight cylindrical box, /t, in which 
there is a partial vacuum, dtdleci.s filighfly 
under changes in atmoap)henc pressure. 
This motion is transmitted, by ii dtlifutb^ 
lever system, F, to the pointer, d1ic^ 
scale is graduated to read in equivalent 
inches of mercury column. In generai, a 
low barometer indicates stormy weather, and 
^ barometer fair weather. Henw, 

barometer readings may be of assistance in predicting weather 
conditions. 
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No Other Gas 
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12. Pressure Gages Are Instruments For Measuring 
Pressures (Figs. 16 and 22). Perhaps the simplest form of 
pressure gage is that shown in Fig. 16. 

This gage indicates the true (absolute. 

Sec. 16) pressure within the connected 
vessel. As is explained below, practi- 
cally all commercial pressure gages in- 
dicate the pressure difference between 
the actual pressure which is being 
measured and the atmospheric pressure. 

Explanation.^ — T he gage illustrated in Fig. 

16 is constructed in exactly the same manner as 
is a mercurial barometer (Sec. 10). Hence, it 
measures the pressure in a connected vessel ex- 
actly as does a barometer measure atmospheric 
pressure. If the pipe, P, is left open to the 
atmosphere the gage will measure the atmos- 
pheric pressure. If P is connected to a vessel 
wherein the pressure is less than that of the 
atmosphere, the mercury will stand at a lesser 
height in tube T than it would when P is open 
to the atmosphere. Likewise, if P is connected 
to a vessel wherein the pressure is greater than 
atmospheric, the mercury will rise higher in T. 

Hence, the height of the mercury column in T is 
a measure of the pressure in P. 

Unfortunately, the customary power-plant 
pressures could only be measured with such a 
gage as is shown in Fig. 16 by employing tubes, 

P, of lengths ranging from 20 to 60 ft. Hence, 
such gages are not commonly employed. Fur- 
thermore, for many purposes, the true pressure 
within a vessel is not as useful as is the pressure 
difference between the pressure in the vessel and that of the atmosphere. 
Therefore, gages, Fig. 18, which indicate how much above or below 
atmospheric pressure a given pressure is, are universally used. Note. 
— For a further treatment of pressure gages see Hiv. 19 on Instruments. 


il 


r 


r:“ 


This Pipe Is 
Connected WIfh 
Vessel In Which 
Pressure Is To 
Be Measured 

■Mercury \ 

\AIr/Iyht \ 

. % Cow.'iz r/cn:,;' 


L 


: £ 

J 


Fxa. 16. — A simple form 
of pressure gage. (As 
stated in the text, pressure 
gages similar to this one 
are not commonly used, 
because more practical 
gages can be made. See 
Div, 19 on instruments.) 


13. Tbe Mercttrial Manometer May Be Used For Indicating 
Pressures Above Atmospheric Pressure (Fig. 17). In the 
early days of steam-power, gages for indicating boiler pressure 
were made in this form. With such gages the difference, in 
inches, in height between the mercury levels in the legs of the 
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U-tube indicates, in inches of mercury column, the pressure 
above atmospheric pressure, in the vessel to which iihc' instru- 
ment is connected. The operating principle of the mercurial 





<toci7 fo \ 1 [:! . 

Afmo$- ■ \ : . i V’ ' 
pherc p 1 .,j ^ , I 


Olaac- - 

Tl/bcti i 


i ''' 

I.' ■' 


Scc/Ic 






I "IS'".*’ 

Ifcrr":':/ 


Fig. 17. — Merotixy gage for measur- 
ing pressures above or below atmos- 
pberio. (The scale, S, shows that 
in mercury column readings are almost 
exactly 2 X Z&. per »Q. in. readings; 
actually 1 lb. per sq, in. 2.036 in. 
mercury column. 


Fro. 18. — Merourlal povr^rr-plant 
vacuum gage. (Althougli thi.H in 
a vacuum gage, it nan alun l»n u«rd for 
measuring small prcHRurcs grnatrr than 
atmospheric. Wli«n the prwiwwrn in 
the chamber to whiclj; O connnntfi It* 
less than atmosphario, tht mtrnwry 
ascends in Tt and descends i» T% anti 
vice versa.) 


manometer renders the instrument inconvenient, howi'vcr, for 
indicating gage pressures higher than about 10 lb. pcsr stj. in.; 
for higher pressures the tubes would have to be too long. 
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Note. — Mercuriai. Manometers Are Commonly Used In Power 
Plants For Indicating Degrees Op Vacuum (Sec. 16) wliich are pro- 
duced in closed vessels. Instruments (Fig. 18) used for tFis purpose are 
frequently called vacuum gages. With, such instruments the difference 
in the heights of the mercury columns, in legs Ti and Ti, is an indication 
of the amount by which the external atmospheric pressure exceeds the 
absolute pressure within the vessel to which the instrument is attached. 

Note. — Manometers For Measuring Very Small Pressure Dif- 
ferences Contain Water Instead Op Mercury. — Since mercury is 



Fig. 19. — A column of 
mercury supports a column 
of water 13,6 times as high. 


Fig, 20. — Combination pre 
sure-and-vacuum gage. 


(Fig, 19) 13,6 times as heavy as water, a column of water having an 
approximate height of 13.6 X 30 = 408 in. is required (Sec. 10) to bal- 
ance the pressure of the atmosphere, tience, very slight pressure dif- 
ferences, which might not visibly affect the height of a mercury column, 
would produce quite observable variations in the height of a water column. 

14. Compound Pressure -and -vacuum Gages (Fig. 20) are 
employed in steam power plants. They operate on the same 
general principle as the Bourdon-tube steam gages which are 
discussed in Sec. 677. In the illustration the scale to the 
right, P, gives pressure readings. That to the left, F, gives 
vacuum readings. 

15. The “Absolute” Pressure existing at any point in a 
fluid medium is understood to mean the true total pressure 
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at that point — the term ''absolute'' being usiul to 
from "gage" pressure, which is ciefincHl in tiie; following 
section. The absolute pressure may ho (alihoiigii it sehloni 
is) measured with a gage like that of Fig. lb. The* more 
customary method of determining alwului^i prt-ssurt^ is by 
measuring both the atmosplimie, pr(*ssure 
(with a baromebn*, Sec. 10 ) and tin* "gagrd' 
pressure. Since "gage pressure" indieates 
only the pressure above al.mosj)h<‘ri<j pn^s- 
sure and since "absolult^ prt‘s.sun‘"is trm 
total pi’cssurc, it is evid(‘nt t.hat : 

( 2 ) Absolute pi'cssure (AfuuhHjifu^ria p/Y\s-- 
sure) + (gage pressure) 

A negative gag(i pn‘ssur«n whem addtnl, 
results in an absolute pr(‘ssurt‘ which is 
less than the atmosphcuaci prc'ssure, as is 
explained in the following (examples; see 
also Fig. 21 . 

Example. — If a boiler eoniniii.s steaiu at 100 
lb. per sq. in. gage pressure*, a.s shown by the* prr;;- 
sure gage on the boileT, an<I if tin* at moijpherit’ 
pressure at that location ami time is M.ri |b. {ht 
sq. in., then the absolute pressure within, the igniter 
== 100 + 14.5 = 114.5 th. per sq. iu. (ihsttlule 
iahs.). 

Example. — If the vacuum gag<^ attached to a 
condenser reads 26 in. of mercury column and the haroiiuder (nearby) 
reads 29.5 in. of mercury column, the absolute pressure ivithiu the eimdcnmr 
= 29.5 — 26 = 3.5 in. of mercury column absolute., 

16. The “Gage” Pressure existing at any point in a Ouicl 
medium is understood to moan the difference hctwccji the 
true (absolute, Sec. 15) pressure at that point and the pr.- suit; 
of the surrounding atmosphere. Tliat is: 

( 3 ) Gage pressure = {Absolute pressure) — (Ahti.Kyiltir/r. 

It is the pressure which is indicated by all conimtircial 
pressure gages, such as are shown in Figs. 17, 18, and 22. 
When such a gage is (Fig. 22) subject only to atmospheric 


Absolute ^^1 

.5JW 

N\$?; 

i 


o/rfia: J 
Kuuru \ 


'•M 

^ v 7 

I vrA'v' 

! Hi, 
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5 .. . 0 ^ 1 . a 


10.3 


i?. 0;5 .y-:/. - 


jil 

- iQ 


1^41 : 

i'fe ; 


i ^J//A 

W.zu'jrr.ffZal,. .Y. •±. 

0 - 14.1 

Fio. 21. — Relation 
between gage and abso- 
lute pressures. 



Sec, 17] FORCE PRESSURE, WORK, ENERGY, POWER 


17 


pressure it shows no pressure or, as is sometimes said, ^‘it 
reads zeroJ\ Hence, ‘^zero gage pressure^ ^ means ^^atmospheric 
pressure’^ — 14.7 lb. per sq. in. at sea level. Whenever such a 
gage is connected to a vessel wherein the pressure exceeds 
atmospheric pressure (Fig. 23) the gage indicates a positive 
gage pressure, which is generally called simply a ^“^gage pres- 
sure. If the gage is connected to a vessel wherein the pres- 
sure is less than atmospheric, it tends to indicate and will if 
designed therefor indicate a negative gage pressure, or simply a 


rUncovereof Oroflnoiry 
f Pressure Quge-, 



Fig. 22. — Zero gage pressure 
coincides with normal atmos- 
pheric ‘pressure. 


.'Weighted Pisfon Pointer 
Heoid Registers , 

^ S' b.oerScf.in. 



• Air Compres svfV to Pressure 
• Above NonrKMl Atmosphere 


Fig. 23. — Gage registers pressure 
above atmospheric pressure. 


vacuum — ^ Vacuum^’ being understood to mean ‘‘partial 
vacuum. Gages which are used for measuring negative 
gage pressures are commonly called vacuum gages. When 
compound pressure-and-vacuum gages (Sec. 14) indicate a 
vacuum, their pointers shift to the other side of the zero 
mark on the gage scale from the side of the mark on which 
pressures greater than atmospheric are indicated. 

17. Approximate Absolute Pressures In Pounds Per Square 
Inch May Be Computed From Ordinary Gage-pressure 
Readings by the following formula. To obtain the exact 
absolute pressure, the exact atmospheric-pressure value, at 
the location under consideration, in pounds per square inch 
must be substituted for the “14.7’' value which is shown in 
the formula. 

(4) = p^ 4- 14.7 (pounds per square inch) 

Wherein: ~ absolute pressure, in pounds per square inch. 

2 
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= gage pressure, in pounds per s<iuar<^ inch. 1*1,7=; 
average atmospheric pressure, at sea-level, in pounds per 
square inch. 

Example. — A steam gage connected to a boiler reatls lb. |>er Kq. in. 
What is the approximate absolute prcsstiro within tin^ !m nnrrioN, 
Substitute in For. (4): Pa = Pg 4* 14.7 —1504 X4.7 ”104.7 //;. prr 
in. —absolute pressure within the boiler. IIo\v(‘ver, t.lie Hire.s.s(*H in the 
boiler shell are only those due to a presHure of 150 lb. per sq. in. 4’hia 
is because the surrounding atmosphere pi‘ 0 H.s(\s from out.sicb^ against 
the shell in all directions with a pressure of 14.7 lb. p<T .stp in, 


18. To Reduce Water- And Mercury-column Pressures To 
Pounds Per Square Inch and Vice Versa, tho following 
equations may be used : 


(5) P = 2^ X 14.696 = 0.49 1, 2P., 


(7) Pj^ = 0.073, 55Px 

(8) Pi = 13.596F^ 

(9) Pj= 27.684P 

(10) Pr = 2.307P 

(11) p = 0.036, 13Pi 

(12) P = 0.433, 5P/. 


(pounds per square inc*h) 
(iiudics of nunvury eolunm) 

(inches of nu‘renry (*oIumn) 
(inches of water eoliuun) 
(inches of wa4f‘r e«4unm) 
(feet of water e{»lnnnO 
(xwunds pen* .H(|uare inch) 
(poutnls peu' squan‘ inch) 


Wherein: P = the pressure, in pounds per st|uan^ Indi. 
Pjtf = the height of the mercury colinnn, at at tn<>.-pb.rri(^ 
temperature, in inches. Pi = the height of wiiivv eoltnmq at 
atmospheric temperature, in inches. IV thcj height of winter 
column, at atmospheric temperature, in feat. 

Note. The Customary Units For Mkabueisc Are: 

(1) Atmospheric pressure and partial vacmmis arc gcncriillj mcaisurial ip 
inches of mercury column. (2) Oas ymmures, whm Hmall’ nra mmmtwd 
in inches of water column. (3) Hydraulic pnuwurm arc freiiiieiitly mc*a- 
sured in feet of water column. (4) Pounds per square inch m t lie 
engineering unit and is used in nearly all work except that spetafied 
above and frequently also for some of the purposes given in (1) to (3). 
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19. Table Showing Relation Among Units Of Pressure. — 
The liquid columns are assumed to be measured at normal 
atmospheric temperature - 



Pounds 

Pounds 

Inches of] Inches o 

f| Feet of 

Name of unit 

per 

per 

mercury 

water 

water 


square 

square 

column 

column 

column 


inch, P 

foot 

Pm 

Pi 

Pp 


Pound per square inch 144 2 . 037 27 . 684 2 . 307 

Pound per square foot |0.006,94 1 0.014,1 0.192,2 0.016 

Inch of mercury column 0.491,2 70.733 1 13.596 1.136 

Inch of water column 0.036.13 5.203 0.073,55] 1 0.083,3 

Foot of water column 0.433,5 62.424 0.881,9 12 1 


Examples. — A 'pressure of 1 Ih. per sq. in. =a pressure of 144 Ih. per 
sq. ft. A pressure of 1 in. mercury coZwmw = 0.419,2 Ih. per sq. in. 

20. “Work” Is The Overcoming Of Opposition Through 
Space. — (Note that ^Vork/^ as the word is used in engineer- 
ing has a meaning different from its meaning in ordinary con- 
versation.) Work is done when force is overcome through 
distance. Whenever anything is moved, then work is done. 
When there is no movement, there is no work. To compute 
the work done in overcoming force through distance, two 
factors must be known: (1) The applied force. (2) The dis- 
tance. The distance must be measured in the same direc- 
tion as that of the force. 

21. Numercial Expressions Of Work may be obtained by 
multiplying the applied force by the distance through which 
the force moves. The force may, in practice, be expressed 
in any unit of force. The distance may be expressed in 
any unit of length. The unit of work is then formed by multi- 
plying together the given units of force and distance. Hence, 
the formula: 

(13) W :==FL (work) 

Wherein: W ~ the work, expressed in the assumed unit- 
terms of the force and distance. F = the force, expressed in 
any assumed unit of force. L — the distance, expressed in 
any assumed unit of length. 

Note. — If, in For. (13), F == pounds andZ/ = inches, then W == inch- 
pounds If F = pounds and L = feet, then W = foot-pounds. If F = 
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tons andl/ = miles, then W = milcvtons. If F a ad // ^ - cmih 

meters, then W = gram-centi meters. And bo wiili other tamihiiKit ions 
of the units of force and length. 

22. The Unit Of Work Which Is Used Most Froqta^riily 
in the United States is the A A y ^ is the 

work (huio when a, 1-1! >. foroo h 



overooitie throU|.j:h a. <iisf aiua* uf I ft, 

N<>tm.“ 'Fm-: Ma’rin<’ r\n>; Of W'uuk 

Most FuKQtTF.NTr.Y I'Mi-ia :m\ (Tal.h* 4) 
the gramHU ffthfirtfr and frr, 

Th(‘S(‘ units aro largely Fni|th»> «*.! iu SMitth 
Airieritai ami in Oontinont;d { 

They are m)\v lillh* tried in Autrrira, 



y'CnefiKft 

'‘"Dii>toinw 


Fio. 24. — One foot-pound of work Fkj. L’fi.- ■ < »n<* ftM»l j.nujtd *•{ w. *ai t|t*n 

done against gravity. ngniiud, fritajMSi. 


Example. — A 14b. weight (Eig. 24) ia lift,e<l vertically tt* n laaghl nf 
1 ft. Here the opposing force (Se<r 2) is a gravi(,y-|ni!l of I lb. d’he 



Fia. 26. — Steam in kettle raising lid’ 
and thereby doing work. 



Fiq„ 27.—- wtjrk in Ijf'tiiif: a 
ahovel of ecml. 


distance through which the opposition is overcome In I ft, lienee, liy 
For. (13) the work done ^ W =«FL*®tXl«l fL4lh 1 mrii gf 
work. 
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Example. — A block of iron (Fig. 26) is pushed through a horizontal 
distance of 1 ft., along a wood surface. The friction between the iron 
and the wood develops an opposing force of 1 lb. Hence, by For. (13), 
the work done ~ W — FL = 1X1—1 ft-lh. — 1 unit of work. 

Example. — The lid of a kettle (Fig. 26) fits tightly. A total force of 
4 lb. is required to lift it. The steam, which is generated in the kettle, 
pushes the lid upward 0.5 in. What quantity of work is done? Solu- 
tion. — By For. (13), W = FL = 4 X 0.5 = 2 in.-lb. 

• Example. — A man (Fig. 27) lifts a 
25-lb. shovel of coal 2 ft. from the floor. 

Hence, by For. (13), the work which he 
does = W=FI/= 25 X2 = 50 ft.-lb. 

Example. — A compressed-air hoisting 
cylinder (Fig. 28) lifts a 125 lb. weight 
16 in. Hence, by For. (13), the work 
done = W = FL = 125 X 16 = 2,000 
= 2,000 12 = 166.5 /t-Z5. 

23. “Energy’’ Is Capacity For 
Doing Work; this is the technical 
meaning of the word. Energy is 
ability to do work. It is stored 
work. Any body or medium which 
is of itself, due to its position or 
state, capable of doing work, is 
said to possess cnerpy. Work must, 
then, have been previously done 
on the body to change its state or 
to give it the position whereby it 
possesses the capacity for doing 
work. It is impossible to create energy, nor can energy be 
destroyed. Hence, the amount of energy in the universe is 
always constant. 

Note. — ^Enebgt Is An Attribute Op All Matter. — It is inherent in 
matter. (Matter is anything which has weight or which occupies space.) 
This follows (Sec. 3) from the fact that position in space is a property of 
all matter. Therefore, since matter is (Sec. 39) universal, energy must 
likewise be universal. Just as there is a definite amount of matter in 
the universe, so is there a definite amount of energy in the universe. 
And just as the matter may exist in various aspects, so likewise may the 
energy exist in various aspects. 

24. “Energy” May Be Expressed In The Same Units As 
Are Used To Express Quantities Of Work (Sec. 22).’ — This 
follows from the fact that energy is merely stored work, or 



Fra. 2 S . — Work being done by 
an air hoist. 



22 


PRACTICAL tlPAT 


|r)iv, I 


(Sec. 23) capacity foi' doing work. Thus ilw is the 

commonly-nsed unit of energy as w<dl as it is of work. 

Example. — E nergy or work is stonni iu tin* Ivull of Eig, :*tJ. \\’c»rk wtm 

expended in lifting tlxe ball 15 ft. Stare the !»aU u eigh.s { b. flu* 

done ia lifting it front the table lup 0'» fho 
po.sitioa shown is, by For, tb'U: lb , Pi^ 
1.5 X 15 22.5 jL^ih. 'rite ball tlwn, with 

respect Ut if.s originni po-dfion tni fht* tiihle 
po.sscsses 22,5 ft .-lb. of energy. Xow, if 
this elevubul hall \vert‘ altaelied to stniic 
machine, Hindi .ns :i ehn-k, and perniiHetl P) 
descend to the fable tom 22,5 ft. -Ih.r>f 
work (ncglcading frictions wonhf be given 
up liy and eouhl be realt/.ed from if. 

25. There Are Two Fundamental 
Forms Of Energy, ^‘Kinetic^^ And 
‘^Potentiald^' Th<*s(» forms are, some- 
times calltHl res|H*etive! y e/ten/// n/ 
motion a, ml jixfd Kiuetie 

energy may be transformed into potemfial energy ami vie<‘ 
versa. Bodies possess potential em^rgy by virfue of tlunr 



Pia. 29. — Ball posseasos en- 
ergy due to its position. (Draw- 
ing not to scale.) 


.-Water 



positions or eon dit ions. 
Bodies po.‘<S{*ss kinefie energy 
by virtm^ of their motion. 

Kxa.mplks. Simn* tfio now jstu- 
tionnry ball, IF, .nhow n in 15^.20 
may do work, if pcriniffetl |o de- 
scend, it p(>,MHi‘N.ses potonf lal imcrgy, 
duo to it.H position, 'The jnain 
spring of a, dork nmy po.s'scss 
potential maTgy, du»‘ to its roji- 


HI 




Fid. 31 .— Pnwdcr in tlir rifln «?«rtrici^rt 
poHscwe® potontlal cl}ciiiici»,| KBiicrgy, 

atiou of being wound. Water in a reservoir (Fig. 30) lui.-j eiit-rgv, 

SosW nronl'S^' Potential energy, duo t., its 

explosive properties. A buUet projected from a' gun has kinetic energy, 
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due to its motion, and is, thereby, able to pierce (Fig. 32) an iron 
plate. In so doing, part of its kinetic energy is converted into the work 
of piercing the plate. A falling hammer (Fig. 33) has kinetic energy. 

Note. — Energy May Be Further DrviDEn Into mechanical, chem- 
ical, electric, radiant, and heat energy. Each of these forms will be dis- 




Fia. 32. — ^Energy of rapidly moving bullet 
enables it to pierce iron plate. 


Fig. 33. — Kinetic energy of falling 
hammer drives tacks. 


cussed in following sections. As explained in the following section, any 
one kind of energy may, by employing suitable machines or processes, 
be transformed into any other kind of energy. 

26. Energy May Be Transformed From One Kind To 
Another. — Whenever there is motion there is energy trans- 
formation; all mechanical processes offer examples of it. Our 
everyday life is simply a succession of such energy transforma- 
tions. Sometimes a process may be traced through an entire 
long series of energy transformations. 

Examples. — A man eats a meal; a portion of the meal goes toward 
building up his muscular tissues thus storing chemical energy therein ; he 
picks up a ball from the ground thus imparting potential energy to the ball ; 
he throws the ball into the air thus imparting kinetic energy to the ball. 
The energy which was imparted to the ball was derived from his muscles. 
The kinetic energy of the ball, after he releases it, gradually becomes 
transformed into potential energy as the ball rises. Soon the ball ceases 
to rise. It begins to fall — it again acquires kinetic energy, this time at 
the expense of its potential energy. Having struck the ground, the ball 
has lost all of its potential energy (we may say, see also Sec. 85) but it 
now possesses much kinetic energy. It may deform the earth where it 
strikes and thus heat the ground and itself. Eventually, probably, all 
of the chemical energy which the man expended in lifting and throwing 
the ball will be transformed into heat energy. But this heat energy is 
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given to the earth or our atmosphere where it reiuaiiiF until it has a aha nee 
to do further work. It may .stimulate plant life and f lius lulp t < » | alure 
more of that substance from whieh the man derived his cdtenur;il eneiiry---. 
that is, his food. Thus, the transformation of energy « id, I »er!i a | ^ 
forever. See also Table 33. 

Note. — The State In Which Matter hixisTu May < ’nAxtiK.-- So 
also, the state in which energy exists may cliangt*. W hat is now liipuci 
iron, of a pale orange color in the ponring-hulh*, <‘hang<'s to plastie irort, of 
a cherry-red color in the mold, and again to h.ard grey iren in i he Tnudnnl 
casting. So, likewise, what is now chemical energy ia a eoai pile may 
be changed to mechanical energy ]>y a .steam engine, Ifienee fo tleelrieal 
energy by a dynamo, and, po.rhai>s, to active Iteat ami radiant (light] 
energy in an electric lamp. 

27. Mechanical Energy is tha,t fonn of einu-gy w idudi may 
realized directly as mechanical work. i\ watch r iuing;, uhtm 
wound, is capable of doing nKudnaniciil work in uiiwindiiig; 
it possesses potential mechanical (mergy. A rotating IlywInTl 
has energy of motion; it docs the work of earrydng; tlio moving 
parts of an engine onward at the instants whtm the eoniuM'i- 
ing rod is passing the dead centers. It has kiindie moclnmieal 
energy. See Table 33. 

28. Chemical Energy (sometimes called ‘Tnternar’ energy) 
is the energy which is normally '‘hound up” irifida //o’ n/o/r- 
cules of all substances. When a clionueal proeo.^^.'^ or reaction 
— a rearrangement and transfer of tli<^ const if uoid atoms of 
the molecules (Sec. 155) — occurs, sonu^ of t!u‘ iidcrnal ehcmieal 
energy may thereby be automatically nh\asrd from llto unde*- 
cules of the substances which iiarticipahai in tin* react 
Then this chemical energy will be automatically transformed 
into heat energy, electrical energy, or mechaiucul cmu'gy as 
determined by the reaction and the coiulitions under wliicii 
the reaction occurred. Conversely, to eflc*cfc iaaiain oilier 
chemical processes it is necessary to add rm-n^.y In ;: ( ciim’gy, 
electrical energy or mechanical energy- to the Kuh.stances 
involved to cause the transfer and riairnmgcment. of ila* atoms 
of the molecules necessary to produce riC'‘W cliviretl huI> 
stances. When energy is thus added to Hu!>8tancr*H to effect 
a chemical reaction, it then becomes ''bound up'' or liitiu'it M 
chemical energy within the molecules of Urn mw resulting 
substances— and will remain so— unless part or all of it m late 
released, and transformed into some other kind ©f oimrgy, 
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by some subsequent chemical process. These phenomena 
are further discussed in Sec. 157. See also Sec. 437 and Sec. 
461 , 


Examples. — The burning of any fuel is a chemical process, combustion 
(see Div. 14). Combustion is a chemical union of oxygen with the fuel 
substance; the usual products are heat energy, a gas called carbon dioxide, 
other gases, and water. When combustion occurs part of the chemical 
energy which was stored in the fuel and in the oxygen is liberated as heat 
energy. 

By the mechanical rubbing of silver chloride, a solid, it can be decom- 
posed into silver, a metal, and chlorine, a gas. Heat energy from the 
friction of the rubbing, is absorbed, partly by the silver and partly by the 
chlorine, during this chemical process. The absorbed heat energy then 
resides latent in the chlorine and the silver. Mechanical energy has been 
transformed into chemical energy. 

Powder (Fig. 31) possesses a large amount of chemical energy which 
may be liberated and utilized ultimately as mechanical energy to force a 
bullet out of a shell and through a rifle barrel; when the powder burns, 
it is converted into a gas at a very high temperature and pressure; the 
pressure imparts motion to the 'bullet. When an electric spark is formed 

in a suitable gas mixture ,in a gas 
engine (Fig. 34), an explosion results. 
This is a manifestation of chemical 
energy being transformed into me- 
chanical energy. The high pressure, 
thus developed above the piston, 
results, finally, in the rotation of the 
crankshaft. When a zinc bar and 




Fig. .'U. — Energy dev olopod by gas engine Fia. 35. — ^Electric current circulated due 
as a result of chemical reaction. to chemical energy. 


copper bar (Fig. 35) are immersed in certain acid solutions, a chemical 
aotion results which forces an electric current to flow — an example of the 
transformation of chemical energy into electrical energy (see also Table 
33). 
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29. No Change In Chemical Coniposiriori That Is, Ho 
Chemical Reaction— Can Occur Without The Liberation Or 
Absorption Of Energy.— The tuicrgy niuy tnihrn' 
radiant, electrical, or moelunHcal (*nerg\% <»r Mane -■< iitnf inji 
of them, depending on tlie reacihm and the rondi I inns iiiiclftr 
which it occurred. The prca‘(*<ling stuns the resnife many 
experiments. In this book it is, principally . the lilteration 
and absorption of heat energy whitdi arc of inferrsL which 
is further treated in Sec. 156. 

30. Electrical Energy is, in iht^ kintdic farm, tlu* energy 

possessed by a current of ehadritafy. i h', in tla* pofeihlal 
form, it is the energy possesstsi by a ‘‘charge** of '-■!« v, 

stored in a condenser. SiiH^e tui tdeefric (airrenf is a flow of 
electricity — electricity in motioit' sucdi n curnait has kiiudie 
energy. The energy of an electrical chargt* stored in a c-nii- 
denser is potential. This follows, siiua* such a «djarg»‘ is. for 
the time being, fixed or stored. 

Note, — An electric; generator (Fig. is n inai’!»iitc \Uiitdi Iraa-funus 
mechanical energy into electrioal encagy, Merhaniral cn»*rgy may I..* 



Fia. 36.— Illustrating conversion of energy- -Ucctriml tr»fi«in»ar.| Irnin 

generator to motor. 

imparted to the generator by an engine*, turl>in«*, or watorn licol. Tin- 
generator, thus driven mochanioiUly, iwem an elet-tnc: <*um*iit fn oirenm 
of electrons. See. 42) to flow in the circuit. Tlicrel.y cl.-ctricnl on.-rgv is 
developed. Electrical energy may he reconverted int.t merlmni.-nl 
energy ( ig. 36) by electric motorH. EhadroinagrndH find tdccfric licit! cr» 
convert electrical energy into magnetic energy iind Imii ctiergy, 
respectively. 

31. Radiant Energy is the name which in giyevu i,c» iliai form 
o energy propagation from a hot body, by waves in the 
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aether, which produces the sensations of ^dight’^ and ''heat’’ 
when the waves strike objects. Hence, radiant energy is 
classified as a form of kinetic enei-gy. The action of light 
causes certain chemical changes. For example, light acting 
on a photographic plate (Fig. 37) induces chemical changes 



Fig. 37. — Light energy affects photographic plate. 

which render photographs possible. Light acting upon plants 
causes them to grow and assume characteristic colors. See 
Div. 6 "Transfer Of Heat” for further discussion of radiant 
energy. 

Note. — The Earth's Principal. Soxjrc^e Oii’ Radiant Energy Is 
The Sun (Sec. 65). 

32. Heat Energy Or Heat (Fig. 38) is, as explained in 
Div. 2., believed to be a condition of motion. The molecules 




Fig. 38. — Heat energy from fuel converted Fig. 39. — Heat energy raises the 

into mechanical energy by engine. temperature of a body. 

of all substances are (except theoretically at absolute zero. 
Sec. 61), vibrating constantly and separated from one another. 
This vibration and separation produce the phenomena of heat, 
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Transformation 

Example 

From 

To 

Electrical 

Mechanical 

The electric motor; the solenoid. 


Heat 

The combustion of fuels; animal heat. 

Chemical 

Electrical 

The evolution of an electric current from a battery. 


Mechanical 

Animal activity; the evolution of a gas from the 
combination of two solids or liquids as in the chem- 
ical fire engine. 


Electrical 

The thermopile or thermocouple (pyrometer). 

Heat 

Clicmical 

The lime-kiln; the growth of vegetation. 


Meclianioal 

The expansion of a heated body: the steam engine. 


Note. — Thermodynamics is that branch of physical science which 
treats of the relation between heat and mechanical work. Hence, 
the portions of this book which consider the relation between these 
two forms of energy constitute, in reality, a treatment of elementary 
thermodynamics. 

34. The Distinction Between Energy And Work dwells in 
the simple <;oncept that work is a manifestation of energy. 
Work and energy — since they are both measured in the same 
unit, the foot-pound for example — are sometimes confused 
one with the other. Energy (Sec. 23) is a common property 
of all matter (note subjoined to Sec. 23). In fact, there is a 
recent theory, which is gaining recognition, that all matter is 
simply motion. If the theory is accepted, then all matter 
would be energy. Work (Sec. 20) is the medium through 
which the energy which resides in any portion of matter reveals 
its presence. When a quantity of energy is dormant, that is, 
when it is potential energy (Sec. 25), then work, so far as that 
particular quantity of energy is concerned, is in • abeyance. 
The dormant energy may then be said (Sec. 23) to impart 
capacity for doing work to the body of matter within which 
it resides. When the same quantity of energy is active, that 
is, when it is permitted to overcome opposition through a dis- 
tance, that energy is revealed as work. The active energy 
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may then be said to have <iE-\ t ur viln!i/i^<| li;< driririant 

capacity for doirva Nvork, 

36. “Power,” in ita {(‘flmicitl is t!i,. nitf „f 

work. In work ami eneiyii (nily I wo farii.r,'-, i.,*.. 
distance, are the olenunils. In jioircr llicn* i- n ihii-.| factor 
i.e., time. Observation provt-.s that, a nia.-hinr u hirh .!(,ck a 
certain amount of work in I mitt, inu;-t be hu ji**!- nion- power- 
ful — than another which doc.s tlu* sann* work in i; i„in. \ 
small machine may ultiia!Ucl.v do flw wimo amnimi <if work 
as a larger one, but; the small <tne n-.piirrv; more fin,,, to dttit. 
The power of a machine is, fhen, d.-loriained by .■ah-ulaiintt 
the work which it does per unit of (imo. Hrm.r'jh,. formula; 

^ "■ I Uhhvct) 

WhereinrP = the average powm- .ir. ■, during ihefhuc 
interval t, expressed iis a mnulier of work unii- of the given 
denomination, per the aek'cte.l unit .»f finte. Jb (he work 
done during the time inbu-val /, , d in nnv d.-ired unit 



Fra. 41. Exampla of pownr ronuir®) ta i.wmii 

in wHeh anyrfltfsired unit of time, 

m which the given quantity of work, W, m done. 

p ame. if w »m moh-pwiiick atid | 
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then P == inch-pounds per second. If PF’ = mile-tons and t = days, then 
P == mile-tons per day. And so with other combinations of the units 
of work and time. 

Example. — To get water into a tank (Fig. 41) the water must be 
lifted 35 ft. The pump-lever makes 20 strokes per min. The quantity 
of water pumped at each stroke is 12 lb. What is the rate of doing work, 
that is, what power is being expended while the water is being pumped? 
Solution. — By For. (13), the work done at each stroke = W — FL — 
12 X 35 = 420 ft.-lb. The time consumed in doing this quantity of 
work — 1 -T- 20 = 0.05 min. Hence, by For. (14), the power developed 
= P = W /t = 420 -f- 0.05 = 8,400 /i£.-Z6. per min, 

36. The “Horsepower’^ Is A Unit Of Power. — Any unit 
of power is an expression for a certain amount of work (Sec. 
20) done in one unit of time. The unit of power which is 
commonly used in engineering is the horsepower. By defini- 
tion, the horsepower expresses the doing of work at the rate of 

33,000 ft.-dh. per min. That is, when work is done at the rate 
of 33,000 ft. -lb. per min., the power being expended is then 1 
hp. Note that 1 hp. = 550 ft.-lh. per second = 33,000/^.45. 
per minute = 1,980,000/^.46. per /tour. 

Note. — The Horsepower Unit Was Formulated By James Watt 
as a basis from which to compute the capacities of engines for mine 
service. From empirical data which he had obtained, Watt calculated 
that a heavy draft horse, of the breed which had previously been generally 
used for hoisting coal out of mines, could do work regularly at the rate 
assumed, viz., at the rate of 33,000 ft. -lb. per min. It was later deter- 
mined, however, that this assumed unit is much above the average daily 
working capacity of horses. 

Note. — The Unit op Power Which Is Generally Used In 
The Metric System is the kilogram-meter per second. One meter 
= 39.37 in. 

37. The Average Power, In Horsepower Units, Which Is 
Developed By Any Apparatus Or Agency For Doing Work may 
be computed by the following formula : 

FL 

(15) P = 33 QQQ^ (horsepower) 

Wherein: P == the average power, or rate of doing work, in 
horsepower, during the time interval, t, in which the work is 
done. F = the applied force, in pounds. L = the distance 
through which the force acts, in feet, t = the time, in minutes, 
during which the force is applied. 



32 


/ViMrVVr W. ///.M 7 


1 * i 


]^<3rrj3^_™Tlie aominal rn(i‘ at whirh a rja?,ni.‘ .a- Milaj- ;;ii»|»anttti« 

does work is couveiiiioaally spoluai mI on ,/.> • ■>*.; > s.'?' •.?/. 

Example. — The number of pushes and pidl:-*, per niinufi% t>t nu engine 
piston (Fig. 42) is 60. The av(*rng<^ lota! foreo I h«" pi'-tHn Ir. OjirMUb. 
The length of the stroke is 10 in. \V!ia,i hiU-Mopowor sa lu-ing ilrvoloped 



Cy/itic/cr’‘ - ' * ' 


Fig. 42. — Example of power development 
by a steam engine cyli ruler. 



while the engine is in operation? SourrtuN'. 'I'hr i^'tsvcrml 

hy the for ce, per minute = GO X 10 -i™ 12 hO//. by I ’ur. (la), 

P = FL/B3,000t ^ (6,000 X 60) (33,000 >; I,) O.nii hjK " 


Example. — T he effective weight of wator frum tla* liHugh af 

an overshot wheel (Fig. 43) is 4,000 1I>. per set-. 3 hr \rrrif:d «li, 'dance, 

through which thr rtaltT hill;-, H ft. 



Fig. 44. — What power is requirod 
to raise the ash~lifting ©levator? 


What lior.srpnwrr i;* b«nug dr-vr!M|HHl? 
Solution,"' 'M'hr (li'i'ui iiJNr I sec. 
"" hdo uiiiK ihatrr, by For. (16), P 
Fb/3:';,ooia fd.OIH) :< K) 
(33,000 X I4ii) ' oNJS/rp. 

KxAMtUdL" A iMaihai rh'-va,!or (Ftg. 
44) weighs hOO Iln A motor it 6 
ft.«6 in. in 30 Sian What hnr.'a*pmver 
is the inot-or di .|drr'? S«iLicrir«. 
•~The given disitHfCO, 0 ft 6 in. 
=« 6.5 ft I'he given iimtf mt. 

^94o 0,5 whi, Ilemay by For. 

(15), P F/:,/3:hO(KI C^OO X 6.5) 
-5- (33,000 X 0.5) 0.:ilf» li|L 

'Kxample.~«~'A niotiir m lielteci to 


. ^ ^ maehine, Tim belt travels 450 

K 1+^^^ difference, in tension, batween 'tlici two of tl» 

belt IS 60 lb. What horsepower is being trarwmitteci? BtnAmm.-- 
By For. (16) « FI,/33,000« « (60 X 460) -i- (33,000 X 1) * (lAW kp. 
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QUESTIONS ON DIVISION 1 

1. What is forccf What effect does it have upon a moving body? Give examples. 

2. What are the common units of force? Give examples, 

3. What is pressuref What kind of substances are generally spoken of as exerting 
pressure? 

4. How does the fluid pressure at a point vary with the direction in which it is 
measured? 

5. State two general classes of pressure units and give examples of each. 

6. What is atmospheric pressure? How is it measured? Give a general description 
of the mercurial barometer. 

7. Why is a man standing on the ground under a heavier atmospheric pressure than 
a man flying in an airplane? 

8. What are pressure gages? Explain two ways in which pressures may be measured. 

9. What is oo-Oo pressuref Absolute pressuref State how each is measured. 

10. Define work. What factors are needed in calculating the amount of work done? 
Explain with an example. 

11. What is the unit of work? State exaiixples of its application. 

12. Give and explain the formula for computing work. 

13. What is energy? Can it be destroyed? 

14. What is the unit of energy? Give an example of its application, 

15. What is meant by kinetic energy? Give example. Potential energy? Give 
example. 

16. Give practical examples of mechanical energy and tell whether they are kinetic or 
potential. 

17. What is meant by chemical energy? Give example. 

18. Give an example of kinetic energy in electrical form. Tdkewise potential energy. 

19. Why is light classified as a fyrm of energy? 

20. Discuss heat with reference to energy. Is lieat energy? 

21. What is power? How is the power of a machine determined? Give an example. 

22. What is the principal unit of power? Give an example of its application. 

23. Give and explain the formula used in power calculations. 


PROBLEMS ON DIVISION 1 


1. What force, in pounds, is required to lift, vertically, a cart of coal which has a 
total weight of 1 (short) ton? 

2. Is a wrench, which is lying on the floor and which weighs 5 lb., subjected to any 
force? What effect is due to the weight of the wrench? 

3. An engine with its concrete foundation weighs 20,000 Ib. Its base area is 50 
aq. ft. What pressure, in terms of the weight and area as boro given, does the foundation 
impose on the supporting soil? 

4. A steam gage registers 128 lb. per sq. in. What is tiio absolute pressure? (As- 
sume standard atmospheric pressure.) 

5. What pressure, in pounds per square inch, is indicated by a barometer reading of 
28.5 in. of mercury column? 

e. What height of mercury column will balance a 30-ft. water column? 

7. If the man in Fig. 2 pulls 12 lb, with his left hand, what will he be pulling with his 
right? Why? 

8. If a car loaded with coal, weighs 100,000 lb. and the resistance to rolling totals 
5 per cent, of its weight, how much draw-bar pull will be required to keep the car moving 
slowly? 

9. If a bucket of coal weighs 50 lb., how much work will be required to carry it up 
a set of steps to a point which is 16 ft. higher? 

10. A punch exerts an average push of 35,000 lb, in punching a hole in a piece of armor 
plate H in. thick. How much energy is required to punch the plate? (Assume that 
the 36,000 lb. is exerted through the Hdn. distance.) 

3 
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11. The tension of one side of n !h*U iu th* lit , iii.nl t-n ! m 

traveling 300 ft. per min, 'iVIinf i.s tlu* ItHiM-pMtt. f .?!. 

12. What is the horHcpovvor «tf the hrml ontl *4 n ’Mruvu hnd» 
pressure on the piston rud Lh 3,500 ll»., the rtfiMKo 15 in , nnd f5»' tt \».- 
the flywheel, 90? 

13. A pump will deliver 1,500 gnl, ttf nuter prr n.inuh- u< n h us# ■ 

the pump. If water weiglm H.3 Ih. per y.sd,, at uionf tau- < ;S; |, 

foot-pounds per minute ami in hor.sepuwer? 

14s A 6-hp. motor i.s used to puiitp water front n v\rli 7.* !i tin p. 
running at full capacity, and all htsw's negleeted, eoniite.!*- lljr nosol; r td' 
raised in three hours. (Water wemha S..3 lie prr nat ■ 


11)1?. 

Tlie |«,|t |g 

en il«e aver&gf, 
'' pel 

■•0 ft. ihnvt 
' *5 ill*' W'ork, isi 

i‘ t-je motor IS 
wnllf 'U% of 



DIVISION 2 


MATTER, HEAT, TEMPERATURE 

38, A Knowledge Of Certain Fundamental Concepts 
Regarding The Material World Is Necessary To An Under- 
standing Of The Phenomena Of Heat. — If the various sub- 
stances or materials which we recognize about us, such as air, 
iron, wood, water did not exist, there could be no heat, for heat 
is a condition of materials. The heat sensations which we 
experience, as emanating from substances, are manifestations 
of this condition. 

39. “Matter” Is That Of Which Every Substance In The 
Material World Is Formed; this is the technical definition of 
matter. But all matter is not of one kind. Different kinds 



of matter (Fig. 45) form different substances. Thus there are 
thousands of different kinds of matter. 

Note. — A Substance Is Anything Which Has Weight And Vol- 
ume. — Therefore, anything that has weight, and which occupies space, is 
matter. Consequently, anything that can be recognized by sight, touch, 
taste or smell is matter. But not all substances are evident to the four 
senses here enumerated. Many substances, as air and oxygen, are quite 
unapparent to these senses. Yet such substances have weight and 
occupy space, and hence are matter. 

35 
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Note. — ^Univbrbae Space Wincn In Nnp r»vt'ri‘iia* iif .\l ArriB l| 
Occupied By ^Ether 4tl). tin- jinivpr.^#* «ri|y 

fundamental componontn: ( 1 ) Matirr. r^) ,T!hrr 

40. Matter Is Composed Of Minute Particles Called Mo!( 
cules. — These particles are so small that iiiic i.f them, if || 
were possible to separate it from all others, wouM Im,* iavisihle 
even under the most pov.crful nucr(»scopf. If l< tuA. antici- 
pated that magnifying instruments sfroug to render 

molecules observable to iiie human (*yo will oviu’ he jitadected. 

Note. — The MoLraujiars Oe Dieeeue.n r Smevr we-es. u-* 
steel, rubber, air, oil, are <lilTenuUly eoiiMlif 'rniT*» jto* »« mtmy 
kinds of molecules as there are Hul^stulH•e^s ur kiinh; 


41. Molecules Are Composed Of Smaller Piirticles Called 
Atoms (Fig. 46). Atoms are, prohahly, as mm*h Miuilhr 
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Fig, 46. — An imaginary ijinturf" t>f 
the molecules of water each of wJji<',li in 
composed of tlirco atoms"— ono of oxy* 
gen and two of hydrogen. The 3 
atoms remain in a group. The mole- 
cules move about— often colliding. 


than .stnm^moiiaailesas' moleenles 
an* smnlitu- than I la* yimaltet 
partitde i>f mailer whirh may 
h(‘ di.srerued Ihrnugti the sfrong- 
<‘si micros, eope yet no 
Only H; few more than about KO 
diff<*n*nt kinds of atoms have 
thus far been isolated (frcmi 
atoms of difTerent kindH'-’ft 
■singki atom has not been 
isolnbal) and identified. It is 
said that no na>re tlmn 1)2 


diffenmt kinds are possildit. All 
matter is, therefore, built up of mokamles in whieli one or 
more of these 92 different kinds of atoms subniMt, in various 
combinations and arrangfurieids. 


MonncuuKH Or WimMt ,Ai«» i’oMPoHSP 

Op But One Kind Oi^ Atom Is Cauded An Ki.kmrnt Cdlibic 12). TIic 
molecules of most substances, as map, ruhhor, Med, hrirk, JIrMh, 
are composed of more than one kind of atom. Tlie ftmlccwl« of a 8 iib 
^ance may contain hundreds of atoms, even tlanigh mimy Im of on© kind 

mthntimm, m regard* tl«i kiml* of 
numerical combinations thereof, hi Invariable for that 
when the molecular compnMilion of * »wli«t»«©« Is 
changed the nature of the substan,©© likewit© h changiid. 
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42. Table Giving The Most Common Chemical Elements, 
With Symbols. 


Element 

Sym- 

bol 

Element 

Sym- 

bol 

Element 

Sym- 

bol 

Ain mimim 

A1 

Fluorine 

F 

Nitrogen 

N 

Antimony 

Sb 

Glucinum 

G1 

Oxygen 

O 

Argon 

A 

Gold 

Au 

Phosphorus. , . . 

P 

Arsenic 

As 

Helium 

He 

Platinum 

Pt 

Barium 

Ba 

Hydrogen 

H 

Potassium 

K 

Riamiith . . . . . 

Bi 

Iodine 

I 

Silicon 

Si 

Bromine 

Br 

Iron 

Fe 

Silver 

Ag 

Calcium. ...... 

Ca 

Lead 

Pb 

Sodium 

Na 

Carbon ... 

C 

Lithium 

Li 

Sulphur 

S 

Chlorine 

Cl 

Magnesium.. . . 

Mg 

Tin 

Sn 

Chromin m 

Cr 

Manganese .... 

Mn 

Tungsten 

W 

Cohalt, 

Co 

Mercury 

Hg 

Zinc 

Zn 

Copper 

Cu 

Nickel 

Ni 




Note. — Every Atom Is Believed To Be Composed op Smaller 
Particles Called Electrons Together With A Positive Nucleus. — 



Fig. 47. — Comparison of sizes of 
smallest and largest atoms and 
molecules (Comstock & Trowland). 



Starch (Largest) Molecule 

Fig. 48. — Comparative sizes of 
largest molecule and smallest micro- 
scopically visible particle (Comstock 
& Trowland). 
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An electron is a natur;il partiri** a \ , rlretrcjug 

which compose an atom are pn-stnuo*! l«» iMf-j?#- ■,!•< 

center or nwcfeas of pcKsitivt^ eleti iirii y af I h»' jft mT', r-i-a-h --.oneway 

as the four moons rotate artmial (la* pL-on-t .'-.■.'rnoo, lit o- p 
that, in its ultimate compoaitioin all utafft-r ., pri oofitpuMnl of 

electricity. In the discussion whirh UtllMU'.,, f •• .r f f'i>,ard<*d its 

the ultimate division of matter, 'ria* olrrf oit i in pifs 

author’s Pkagtioau KiJ-:c'riiii’iTY. 


Note. — Atoms (h'ig. 47) h:tv(‘ an uM'imw dnim* f*-r .t ah.np, i>n(» 
one-thovsarul-milUonih (K.ooo.ocoaHml *7 an A o O'mih' t,f 

has a diameter of about one ^ t a.iMonoHU oj' ji ivudi, 'fijg 


smallest particle of matter (IntK. 4S» that ran br \aaM .i 
microscope has a diametta- of abtad <»nr /« f ./ !h>>u .,j.r 
an inch. It is estimated that a eubir inr!} «*i' air »-t.s i.ue 


Hfotugli a 
i miasiHj ’i of 
'♦'twren hi 


billion billion (lG,000,0()(),0{)(hot)()jUi(i.o( fO and Ml tb.m and I dlu.ji billitm 
(16,000,000,000,000,000,()d0.fHH> nioleroh ’ . 


43. Neither The Molecules Which Form A Substance Nor 
The Atoms Which Form The Molecules Are In Contact With 
One Another.— Relatively larp:*^ spaeey inlervtoa* briweeh 
neighboring atoms, and hctw<‘en lud^hl Muisip luulenilr^. even 
in the most compact of solid subst aitres. 

Note. — N oTwiTirsTANDimj "ruAT htMexM-: la. nn.itKr 

In A Relative Sense, SepauatkTiik Atoms U nn n I oiea \ Mum.rTi.K, 
a mutual attraction, probably of an elertne naforr, r f’U prr\ '!iJ. among 
them. This mutual attraction will eonfimie in bo'rr a?- t- f ho rej|tiis- 
ite number of atoms, to form the imrtieular kind td n»«de^s|l*^ are pret t^nt, 
and no abnormal condition develop.s. d'he ntfraethin ii.av b,^ < irong er 
weak. If the latter, the molecules of aHulmianee. if eoni| H.? ed of diliVrent 
lands of atoms, may be broken up by Innd, or by elmuoeal or t leefurd 
means and then the different kinds of aionm iiiiiy proup lo t|aooM*lvrH 
to form molecules of the elemental mibHlmmes f'rablo Pi a ih\ by 
similar rnethods, atoms may be adtUul to the Inohna^h^^=^ iif a 
another kind of substance bo thereby pr(.»dnet»d. 


44. The Molecule Is The Structural Unit By Which Sub- 
stances Are Differentiated From One Another. luulr. ulc of 
water is composed (Fig. 40) of two aUnm of • ,„ol omt 

atom of oxygen. The composition of water luolm-ulos, from 
these elements alone and in these i>rot>orf,ioii.M, in almolutc 
and invariable. Hence, molecules so constituted diiToreiitiato 
water from a.U other substances. Similarly, a molm-ulo of 
common salt ^ composed of one atom of miium and om aiom 
of chlonne. This, likewise, is an atomical in 
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the composition of salt-molecules^ which is precise and 
unalterable. Therefore, in this particular composition and 
arrangement lies the inherent difference between common salt 
and all other substances. 

Note. — The Numbeb Of Atoms In A Molecule may be few or many. 
Thus, each common-salt molecule is composed of but 2 atoms, while each 
white-of-an-egg molecule is composed of about 1,000 atoms. 

45. Motion Is An Attribute Of Molecules And, Probably, 
Also Of Their Component Atoms. — Upon this important 
concept is predicated much of our knowledge regarding heat 
phenomena. Whether or not the atoms within a molecule are 
in motion with respect to one another is not definitely known. 
The molecules are supposed to be in motion except at the 
theoretical absolute-zero temperature (Sec. 61), at which 
temperature they are supposed to become motionless. 

Note. — Molecules May Follow Regular Paths Along Straight 
Or Curved Lines, or their movements may be very erratic and irregular. 
In the latter alternative, the movements of molecules may be compared to 
those of individuals rushing hither and thither in a panic-stricken throng, 
now colliding with one another and now recoiling from the impact. 

Note. — The Speed Of A Hydrogen Molecule at 32® F. is about 
I'jyi mi. per sec. or nearly 6,000 ft. per sec. Mercury molecules move at 
about 1^0 the speed of hydrogen molecules, or about 400 mi. per hr. 

46. AEther Is The Name Given To That Which Fills All 
Universal Space Unoccupied By Matter. — It occupies the 
infinitesimal — though large as compared with the size of the 
molecules — spaces which intervene between the atoms 
and molecules of substances, as well as the incon- 
ceivably vast reaches of interstellar space. Nothing is 
definitely known regarding the precise nature of aether. It 
is believed to be devoid of weight. Being thus imponderable, 
— without sensible or appreciable weight — ^it cannot (Sec. 
23) be regarded as matter. 

Note. — The Spaces Between The Atoms And Molecules of 
compact substances, as glass and steel, are not large enough to permit 
ingress of air molecules. But, on the basis of the common-sense assump- 
tion that an absolute void can nowhere exist, there must be something 
within these spaces. This something is what is called cetker. 

Note. — According To Certain Later Theories It Is Clalvied That 
There Is No ^Ether. — It is said to have been proved by Einstein's theory 
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of relativity that fcht^rcHM no ii’ther. i’>ut ‘ishviu^^r or no! ^l«*o*'* r?* }in®t|u 

depends upon the d«?fiiiitum .uTT'i.-itnl inr iifWitb 

properties which this hyptuholionl ail rr r-, im p. 

definitions and pn^part have t'orn prop.r.*..! |-,r aihet, Ai § 
matter of common mum tliore muN? 1*0 soit», 6 *f h?np, Oi fia* rn C'lf i» sif % 
universe wlutdi is not occupied hy nlouc-i, uherrss hcfi? w fives, kit 
waves, electric waves, and nmi^netic «nve'i aro ir^ora.i ,*!teiL ftk 
scientists are reasorndfiy eertnin that Iho-r ■« 'iv^* r i;* I..#* ^*^‘u,|i|y tfjun. 
mitted through a perfect vueuuin.? It ia tm’otirr. thiw waves 

— or any wave motion - "Can he propuga?r’<l ?hr, iph ’'icihiiig at fill," 
Hence, in this hook the adher \ull hs* {•.■,?,■/ !«-s I c,-' fluu SKiHlninuir 
something which fiUs what would ottierw-c r he iMfd- us r.puce und W'herdiy 
light, heat, electric, ami jungnetic wnve-i or** tran*' hurthcriiasre, 

since Einatehds theory isf relativity dot*'-* not tf^nu ilir* Mnd,v of liejit 
phenomena, it may for the premait ptu-por^-^ I ir'^uuu'd ihiil t he Btiito 
ments herein given coma'rning ad her arc tine 

47. Matter Is Indestructible. - ddie jue»ho*ulHr riuupo.dtbn 
of a portion of mtitter may ho changed, d'hrough new eom- 
binations of its elemental tiioins t.fu^ .‘•'ub-d anee uf whieli any 
portion of matter is formeti may be ehatiped in • ;ouise other 
kind of substance. Or it may be ehnnptoi inti* eveml idlicr 
kinds of substances. I'bit the iirmnse <|uantify 'aiid muss*- 
see note below) of tluii particular puiiiun ui liiaiter will 
continue undiminislied. 

Note. — If Suveiiau SimsTANOEH Hr. (’omiunuo i '' hi- mo '.\ rrv, the 
weight of the resultant suhstance will 1.hi the aum of tin* of flie 

individual substances. A (quantity of oxygen may uuite with the rcars- 
bustibles in a lump of coal to produce comhmaiou Iheieof. Hm* fow- 
bustibles will volatilize and disperHo in giii^eoUH form, Ifunjtig u re.-fidweef 
ash and clinker. But if these conetil uetdw- llu! iiml rc.-ldiwl 

substances — could bo reassembled, tladr combined weight \v«cild 
precisely the weight of tho original lump -of coal plim fhu weight of tlic 
oxygen which was supplied for its combuHtion, 

48. Matter Cannot Be Created.- -'-Ilnncc'^ iJn! of 

matter in the universe nuist bo uonaiiint-. It c^itriiioi be 
increased, neither can it be dimininhecl. It iniiy* htowpver, 
undergo many changes of form. 

Example.— B ugs, woodf and certain oiher will, iiiute* 

going certain mechanical and chemical proeoww, reiipfasiir fi« 
Hydrogen and oxygen will, under cartfun conditlinw, ftoiiihiiift mid form 
water. Note that m both examples no nmo rntMar tifw lipun ciraitteil. All 
that has occurred is that the form of ©sdsting matter liii» htmm otmageci 
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49. There Are Three States Of Matter: (1) Solid, (2) 
Liquid. (3) Gaseom. — Theoretically, any substance, as water 
(Fig. 49), may, under different conditions, exist in each of these 
three states. As will be explained in following Secs. 225 and 



I- Soliol or Froze n H-llqulol or Molten H-Goiseous or Voiporizeo! 

Fig. 49. — Illustrating the throe states of matter — water in this oaso. 


351, a substance in the gaseous state may be either a vapor or a gas. 
In general, if the certain temperature and pressure conditions 
to which a given gaseous substance is subjected are such that 
the substance is then ^^near” the liquid state, it is then, under 



Fig. 60. — Imaginary condition of Fig. 51. — Imaginary condition of 

molecules in a solid (ice) magnified molecules in liquid (water) magnified 

many millions of times. many millions of times. 

those conditions, called a vapor. If the certain conditions 
are such that the gaseous substance is ^^far away’^ from the 
liquid state then, under these conditions, it is called a gas. 

Note. — Figs. 50 , 51 , And 52 Illustrate Imaginart Arrangements 
suggested by the apparent action of atoms and molecules. The inter- 
vening distances are not proportional to the sizes of the atoms and 
molecules as illustrated. The actual proportional distances are, in a 
practical sense, immeasurably greater than appears in the illustratoins. 
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Note.— RB aiKTAW'i>Mrtt ( .. m-' V. \ t 

TERISTIG Of blTIH.sTAN^'K.S |\ Tih; Sm;- li» >/ | ',4, 

steel (Fig. 53 ) is tiiOk^ult to 1 hv - 5 ;^,.^ ,,f , , , 

changed with relatively linlo tht!»-uii> . 'Ih»' 




|lhv. 2 

A putifij 
' ; * '* ./-M/«T k 
with 


'■■<ai 

’ aii 

^sm 


Fia. 52 . — Iinagiiuiry <■*»»»•. 
ditions of tooIochIom in 
(steam or water vapor) mafsni- 
fied many rnillioiiH of tiine.s. 


Ui liddstig 


apparent ease. But its rest.sfane, 
definite and distinct. 

To C(>mprr«.',wn A,id .Su.:niU,h,! t., r ,i ,- • 
^re Common CharackrriMim Of K„h.-:t, J ! TO :"hh' ' H 7“'^' 

"i”. lMnw.v,.r. in, .(..nViri'.i, f.,r L''.!? 

(rig. 54) of any container ill whit, h il- is ,, I,,,., Ml ' ' 

Susceptibility Both To Compression An.l O/nuop- .- tif M , . r 

Ch^racter^sucs Of Substances in The Onseons .Mh, 







:| 1 




Fio. 5..-.A Unaid assume, tht, r„„,. t.r 




as air, saturated steam, which ih it . . 

which approximates a perfect g*iH tcjn*l T**' ^ 

released from a container. ^ ^ ^ «>«l»iiid iii.icjn.iinly wli.-ii 

Liquidi'^^r^feouT^Lt Matter In The SoUd, 

Molectdes (Pigg. 50 5^ „ , Motion Of Its 

Oul.. mov. O, S. “t .n, 

no state of tho matter- liquid, 
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or gaseous— is determined by the rapidity and extent of motion 
of its molecules. In other words, as will be shown, the state 
of a given portion of matter is determined by the amount of 
heat — heat energy — which it contains. 

Explanation. — “ /n solids the component molecules are in some way so 
closely bound together, and their vibrations, though still taking place, 
are so narrowly and rigidly limited in relation to one another, that the 
external form of the aggregation — the body taken as a whole — is capable 
of resisting the action of forces of considerable magnitude which may tend 
to deform it. 

In liquids the molecules, though still held together by a mutual attrac- 
tion which limits their distance of separation (in so far as internal molecu- 
lar forces are concerned), they are now quite free to assume any position 
relatively to one another which they choose, or to roll about one another. 
This rolling is what we call flow. 

In the gaseous form the molecules are very much more widely separated 
than in liquids or solids; they are more actively in vibration, and they 
tend to separate to the widest possible degree permitted by external 
resistances, such as the walls of a containing vessel.’^ (From Reeve’s 
Thermodynamics of Heat-engines.) 

Note. — In Solids The Molecules Are Thought To Vibrate At A 
Comparatively Slow Rate and through a small range. Each molecule 



I-^nolloo(y to Molecules IE- An cnlogy to Molecules HI* Anc<logy to Molecules 

in oi Solid in oi Liquid “■ in ot Gos 


Fia. 55. — Molecules of substances in the three states act like men in a crowd, pedes- 
trians in a street, and thieves fleeing from an officer of the law. (This is a view from 
above.) 

is analogous to a man (Fig. 55-7) in a densely-packed crowd. He may 
turn around and move slightly from side to side and backward and for- 
ward. But he cannot move far from one position, because he is resisted 
on all sides by other people. 

In liquids, the molecules vibrate more rapidly and through much wider 
ranges. Each molecule moves to and fro encountering little resistance. 
Molecules of liquids are analogous to individuals (Fig. 55-11) passing one 
another on a busy city square. They collide only occasionally. 

In gases, the molecules are so far apart that they have little cohesive 
attraction for one another. They fly about very rapidly and freely. 
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States Three Different 

States In Which Matter Occurs, 'rimi j.,, ,i„.ir lolmviur .-h 

explained later, Sec. 52) is tleienuitie.l hy llm „f h.-at - 

heat energy^ which is containml in the Nulr.t -in,.** u Id -h tl 
compose. The rigidity of a soli.l suh ..„n f . , S’ 

tively strong mutual atlrm-iFon ivhi • v' 
molecules. The fimdifv u r -i t *^^^*^**^^K its 

Let o, cow. ''“V”',"' 

: “.“srss'r"’’ '"™s. »u 

No™.-Th! A gas may thus iie hmt. 

analogous to that'^wht'h "^exists hof'* 0» A dui.io is 

proidmity. The magnets will offor ''^**-T* •* ''«• •"p * rb* 
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The Freedom 0/ The Molecules Of A Gas is analogous to that which 
exists (Fig. 58) between the lead balls of an exploding shrapnel shell. 
The balls scatter unrestrainedly in all directions at first. Later, of 
course, they all fall to the earth. 


52. The State Or Condition 
Of Molecular Vibration And 
Separation Is Called Heat. — 
Heat is thus conceived to be an 


Magnetic-^, 

Attraction 



''■Horseshoe Magnets--' 


Fig. 57.— Molecules have attraction 
similar to that of magnets. 



Fxg. 58. — The freedom of movements 
of the lead balls from an exploding 
shrapnel shell illustrates the freedom of 
motion of gaseous molecules. 


inherent attribute of matter so long as molecular vibration 
continues (Sec. 50). An addition of heat — heat energy — means 
either an increase in molecular-vibration velocity (kinetic heat 
energy) or an increase in molecular separation (potential heat 
energy) or both. When we say that heat has been added to a 
portion of matter, we actually mean that the vibration velocity 
of the molecules of the matter or the distance between the 
molecules has been increased through some external agency. 
Kinetic or potential energy has been added to the portion of 
matter. Conversely, when we say that heat has been ab- 
stracted from a portion of matter, we actually mean that^the 
rate of vibration of the molecules of the matter or the distance 
between the molecules has been decreased (that heat energy 
has been abstracted) through some external agency. 

53. The External Evidences Of Heat Transfer are, when 
heat is added, an enlargement or expansion (Sec. 185) and, 
when heat is abstracted a diminishment or contraction of the 
apparent bulk or body of the portion of matter. These indi- 
cate that, when an object is heated, the molecules spread 
farther apart on the average, due to their more rapid vibration. 
When the body is cooled their less rapid vibration permits their 
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or in molecular vibrational velocity; the part of the total heat 
which produces this change is called vibration heati^ (2) 
Change in state (Sec. 49) or in the molecular-attraction forces; 
the part of the heat which produces this change is called 
disgregation heat” (3) External work or change in molecular 
position against external forces; the part of the total heat 
which produces this change is called ‘^external-work heat” 
or ‘^external heat.’’ Of course there is really only one kind of 
heat; the terms vibration heat,”^ ^*disgregation heat,” and 
^'external-work heat” are employed merely to designate how 
portions of the total heat which is transferred to a substance are 
expended in different ways. 

Example. — Consider the effects of adding heat to a quantity of water 
confined in a metal cylinder (as in Fig. 62) under a piston, P, and a weight, 
W. The heat which is first added goes almost entirely, as would be 
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l-H eating IL-Af+er 10 Minutes 31-^ft6r 20 Minutes 
Is Begun Of Heating Of Heating 

Fig. 62. — Illustrating effects of heating water. 


indicated by a thermometer, toward raising the temperature of the water; 
this would then be vibration heat. The water would also expand, as 
indicated at II (Fig. 62) but the expansion would be very small. Hence 
very little of the added heat is external-work heat, useful in lifting the 
weight, W. But, after continued heating, the water would reach a point 
(temperature) where it would become no “hotter;” that is, its tempera- 
ture would cease to rise. The heat which is then added (III, Fig. 62) 
separates the molecules of the water against their mutual attractive 
forces and against the weight, W, which tends to hold them together. 
Hence, the heat which is now added is partly disgregation heat, which is 
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useful In chaiiKing thr «•! thr r Hmmj.mi 

is partly extariml-wurk ;• ■■;■.•' '.1 ,{ - 1-'.' .fiul Ptri 4« 

lifting the weiglit, IT, nr'riUi ■'■! {mj.'.- mI i."f ^ ■, , 

65. The Temperature Of A Body *», ; aii»| igj |g ^ 

measure of the tiuideuey uf iliaf hud^ !m mo. luati to {Fi| 
63) or to witlidniw ina'il frum onuila'r i-.» v, Tia- 
ture of any suhstanet^ /a u !h ; ■ , or ■'•/hrnlwini 





I'Wo'UimUincii-fwiietvl i; Tf 

Irofnsfcr 


Fra. G 3 ." — The ijulifut* f. 


energy of its indmdual mohuuile^ mU. ImiuI hiiuair eitergy 
of all of its inolecuhxs t.'ikea I'mi' thi'' a uieai^ureitf 

its heat energy or iHuti (umfunt. Mmer, du nut ennfiise 
temperature with hmt, Tr.mprroior*^ y /-.nO /;.-// v of Itrat. 
Temperature dosenh(‘H the degree <4* liofu*- nr euldue^s t.f a 
body. Temporatuni may ]>o ilitmgld of a- ?ln- pre, : urv of tlie 
heat in a body, tlust ns the pr{*sKun* irelicafetl by a ^'tea^u 
is no indicator of the total (juanlify of ,‘*oeam Hlaeh i!m* hoilrt 
or boilers contain, so tlie inuinmiiou- of a iiudy undieaft*d hys 
thermometei*) is no measure of ih(» bdnl atm amt of heat 
contained in the body. 


Note. In' GisNBitAi;, Pr May Ub Statbu 'rai-r TtcuetaijiToiiK in As 
Apphoximatb Mbasuum Of Tiiio Amount C>i>‘ pi:ii I ’mi* W’Kiuift 
which a given material lamtamB. la gniH*rnh th** hi^nf heal 

energy^a given body contains the liightT will f»e liuuperntiirrN Hut 
+ ! hold at or uoar t.omp«triinmxM whiu-e r'liaiigeii of 

state (Sec. 49) occur. Ilcnao, tho ttmiporaiurc u( a juilmfiiiiro is not, 
necessarily, any ^indication wlmtsocvar of I, ho imaiuut t,*f Umi wiiicli ilie 
substance contains. The heat content may, when n clnntge of state is 
decreased mid yet tho num^eriit.iiwi romaia 
constant (Sec. 103). For example, water at its lulling iaiiiia^mtiire- 
liquid to the vaporous irwiy Inwii (Sec, 

52) much heat added to it and the water thvrvby ruui <-rp.-d Into iiteafftl 
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without change in the temperature. The steam has the same tempera- 
ture (Sec. 104) as the boiling water. 



Fig. 64. — Showing how the temperature — the ability to transfer heat — of boiler 
gases decreases along the flue-gas path. (The temperatures indicated above are 
approximately those which should be maintained in a horizontally-baffled water 
tube boiler. Brown Instrument Co.) 

Note. — Temperature Is Really Thermal Head Or Pressure. — 
Temperature is to heat what voltage is to electricity. Where there is no 
difference in temperature, there can be no 
flow of heat (O. B. Goldman). 

Example.- — Fig. 64 shows the tempera- 
tures which should be maintained for the 
efficient . operation of a modern horizontally 
baffled water-tube boiler. 

66. ‘"Cold” Is A Term Used To 
Express A Condition Of Temperature. 

It Is often thought of as the opposite 
of heat. But it is not. In fact, cold 
is merely a word used to designate the 
relative condition of a substance when 
it has less than the normal intensity Fig. 65.— To cool (slightly) 
of heat. Therefore, to render a body I test tube and contents, 

cold, (Fig. 65) it IS merely necessary 

to take some heat away from it — ^not to add cold to it. In 
general, a ^'cold^^ body is merely one which has a temperature 
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Ithv, 2 



Fig. 66. — Morcxiry 
thoriaometor. 


lower than titai is as the 

usual, ituriual, <»r ur*liaar>^ --if ure. 

57. The Instruments <'>Tcr;u,s'nly Used For 
Measuriup; Temperature Are Called Ther- 
niometers (s<h‘ al-'O Idv. lUu ■hiiig 

siniplesi form U'lto tac n i iHuaiMiUHSer k a 
liollow glass t ui H% honor! it-ally at iMitli 

ends, an<l <! itdo a Imih :«! Its hnvrr 

eiuL The hulhis fillril u if h a ;Ou! ahC liquul^ 
as mercury, aiul all air is t*\ltaii:4r»i frtna tb 
tube before is sralr«l. Tlti-' i-' |«‘nmt 
free expausion of t!.ir li«|uiil to the top uf tb 
tube. Wlaui t.he bult* i,- leaiird iht* 
expands h*so| juid ri’*-; in the tub!. 

WlKUk th<^ bulb is (‘oolrd the liquid etudniois 
and lowers in the tuln*. \\ leui a. propfi' srule 
is uscmI in eoniundiou witli thi': arrangeiueiit, 
the t-einiKM-af uim- of surrouutbiic' malerials may 
bo accural t*ly detfuaoiurd. t ubrr instruments 
for inensuring tempera! uri^ are furlhtu* tlb 
cUvSschI in Div, lb. 

Noth.' -As tbuev dAia. « »'r i i:m. oi tmai h 


aiustrated in Idg. 07. A glnss n lurrV' ‘ei *i» mi*»' wa 



Fm. 07 .«— MaWing i^it aJi? 

heated. The tube was then inverted laai th«^ tipen eiitl itiwtrt^i l» i 
vessel of colored water. In ooM wo«tih«r> tliii air in tli© bttWi 
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tracted. The colored water was thus forced up in the stem by the ex- 
ternal air pressure. In warm weather the water-column was corre- 
spondingly low. By placing a scale beside the tube, it could thereby 
be known when the temperature was high or low. Obviously, this 
thermometer was not suitable for showing temperatures below the 
freezing point of water. 


68. Thermometric Scales Are Series Of Graduated Divi- 



sions (Fig. 68) which are marked 
on the tubes or stems of thermo- 
meters, or upon separate flat sur- 
faces set adjacent to the stems. 
By means of such scales, the tem- 
peratures are read directly from 
the instruments in '^degrees’' (Sec. 
59). 

59. There Are Three Thermo- 



Fia. 68.- — Thermometer with 
3 scales. 


Fig. 69. — Fahrenheit and Centigrade 
scales compared. 


metric Scales In General Use (Fig. 68). — (1) The Fahrenheit 
scale. (2) The Centigrade scale. (3) The Reaumur scale. 
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The Fahrenheit scale is in P>'l>n5ar a.ial u* b 

EngUsh-speaking countries. 'I'he t Vnt.g.a.i.- ^.■a!e « b 

popular use in uumt In-.n-aT, e.mntr..-. It . the worl - 
w4 standard in all seient.tie usage. I he lu-au.nur scale 

is used princii)ally in lln^^Vd. 


Note.— Thk FAiuiKNiunT 'ruEUMoMF riiH' 'UJ 
vented by Gabriel Danud Kahriaihrit , mI luit/iF.. 
Fahrenheit assuiued that the teni|>eratniv ;!• ne-t 
of snow and sal-animoniae (Hiiiitetmuni ‘- 1 * 1 .^’* i* 
able. Therefore, he aeeepted thi' :ei /»iM to 
blood-temperature of the human Innly, e. - hy 

cury in the column, was then 'MvHvA a ,iia 

in the scale and callca* incorreeliy, i «*.' !.rh.« UHK 
tween these points was <Iiviih‘fl into !tiu eqo.d p ♦ 
called a degree H of ((unp.T P f.* tlu 

(under atmospheric pr<‘SHun\) at 212 ami Cif /r at . 
tween these temperatures is, therefore*, dtxuh d np.* 
spaces or degrees. One <legna* td tfMup*'rat>nt'. ! t 
indicated by Kso expansion of tho m* nmia . - I 

eter which occurs when the (■•utp' ! i -u • r ran t d fo 
water (or melting ic (0 to that of boiling 1 b* 

peraturc is now known to be Ps.tV' F. H ' i!»uo:nP'*'»' 
heit’s 100 ° blood tempt-rature is due to erroi- in lb*- oi 
Note. — The GENTi<ut.\nK l’uKU%fo\u:’rnn Sr ,ui ^ 
scale, as it is sometimes eulled, uns invonf' d by t b> 
Celsius. The freezing and boilitig temiH raf ore , of v 
definite limits of gradation. The heiglii of th»' CMlun , 
freezing temperature was designatml the /« ro 4 trgii'. 
Also, the height of the mercury cobimtt af «be ut 
water boils was designated m the UMt point ‘*f Oa* 
of the mercury column between the freezing point nt 
was then divided into 100 eqtml Hpaces. eaeb wdli d i 


' I 


■la-r 

11a 

I,;. 


•iincayy. in |7|4^ 
|u:il ueighti 
► ; t ohtniri. 
uqt. r.ifnre, The 
re *• * 1 the iiim 
h'linile pi lint 
* t ic'f |»A 
.*1{ ■ pai’c was 

■ .-.ilr, vwtfer Ih4 
1 . 1 in* I't'iile |»p 

1 I H't * «*r|!l£il 

if*'');b»u! I II), is 
tioii of a !heri!n*ni» 
JO fliot of frii'djig 
bh»tn)| friu. 
Mr of vdd.i .Fnliwi* 

i ig od . rr fVIttiw 
,*^.o rlr !n pl»\*d«‘k 
■ if t r V. » I'r f akcii ji)! 
i *.( lorrrfiry at lb? 

|n>iu! of the 

sps'i'afore u! vdadi 
; roho H-if 
d t fa* Im ‘ ill 111? pdiit 
.p'grr'r. 


60. The Calibration Of A Centigrade TIteriwometer Figmi 
see also Sec. 659, couBisiH in dtlrrotn-M-- ■ llio ii'Gmurk t}| 
placing the thorinometor in inciting i»’** ^ Mtb Til., i) atbl Jiairldig 
the height of the mercury culumn whop it. ii-* at tFat tm- 
perature. The thermometer in then plinuul in pliuitii rirtiiffll 
from boiling water (Fig. 70, //). T1»^ ItllF-iiiiirk ifi placed 

even with top of the mercury when li w at ♦!«■" ierri|M!riitttif 
of this steam. The distance lattwifim tiie iF-riiark ii«d 
100°-mark is divided into 100 6C|ual aptiees, Tlio ri»B of 
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top of the mercury column for a distance equal to one space, 
indicates a temperature rise of one degree Centigrade (1° C.)* 



Fia, 70. — Determining 0 and 100-degree marks on a Centigrade thermometer. 


61. The Absolute Thermometer Scale (Fig. 71) must be 


used in certain calculations concerning 
the thermal action of some substances, 
particularly gases. In order to describe 
this scale it is necessary to consider 
absolute zero (0° abs.) which is the lowest 
temperature theoretically attainable. 
It will be recalled (Sec. 52) that heat is 
a condition of motion of molecules. If 
it were possible to have a substance in 
such a state that the molecules were 
motionless, there certainly would be no 
kinetic heat energy in the substance and 
its temperature would then be the lowest 
possible to obtain. When a perfect gas, 
which is confined in a vessel, at 0° C. is 
cooled 1 ° C., its pressure is observed to 
decrease M 73 of the pressure at 0 °. 



Since the pressure exerted by a gas is 
due to bombardment of the walls of the 
containing vessel by the vibrating 


H-Absol utc 

Fig. 71. — Ordinary and 
absolut c tliermometer 
scales compared. 
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it i. co»d«*.i * 

jeraturewerclowitn-tU*.* ^ . b. iuu u ., iu 


the temperature ^ .n,.,,. ,vouM 

then be no pressure ewnb-il _ 

be absence of all heat. 'rim. ■■■■<•■' _ 

tins theoretically lowest {rmp.-r.- iim 

the absolute scale. '.I'he wa-ter 
273° C. ahs. (Fig- 71) 1'“‘ ' 

at 373“ C. On the Fahrenheit seal--. ^ 

ahs. below the freoaing l'oi"l ‘*f 
0° F. is equivalent to -IGU" F. ahs. 


ill ♦ 


uf li stilhstuiien at 
!h 1.H) if on 

■. . ■ ■:.!';-■■■ i:% tta, 

- u| Wilier 18 

ss»liih‘ zrru h iWT 







Fxa. 72.^ — 

tb.erinometer is to be used. While at thh t. ios- !:•? i:'h- tlir in se»ie4 
off — closed— (I/I) at its open ead. Whw ih*-* t-nl.ti'f, btilb* siiid m«nmr| 
cool, the mercury contracts (jfV) and Iwtvcs ih*^ tiibi! in i»e 

portion. Thus, there is a vacuinn above ihn tnerrury 

62.. Readings Of One Themometer Seale Mmy Be 'Con- 
verted To Equivalent Readings Of Anottier Scalev-'- It bto 
necessary in practice to make such coiwi?r«loi:i«* Fif?* ® 
trates a thermometer with three ecalas, thus it poisihle to 
read temperature from it in any one of the three, but 
thermometers are graduated for one ioale only* Followup:;: 
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are facts and rules used for converting readings from one 
scale to another*. 

(16) r C. = = 1.8" i^. 

(17) 1° F. = 0. = 0.555" C. 

Rule 1.— To Reduce Temperatures As Shown On The Fahren- 
heit Scale To The Centigrade (Fig. 73), find the number of degrees 


DEG|E£.g 



Fiq, 73. Chart showing relation of Fahrenheit to Centigrade degrees. (IF. -S. Rockwell 

Com-pany.) 

Fahrenheit above the freezing temperature of water and multiply by 
By formula: 

(18) To == %{Tf “ 32) (deg. Cent.) 

Wherein: To = degrees on Centigrade scale. Tf = degrees on the 
Fahrenheit scale. 

Rule 2. — To Reduce Temperatures As Shown On The Centi- 
grade Scale To The Fahrenheit, multiply the numbers of degrees 
Centigrade by % and add 32. By formula: 

(19) Tf = HTc + 32 
Wherein Tf and Tc have the same meanings as in For. (18). 


(deg. Fahr.) 
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jsfoTE.-~“To Convert A 'riiKHMoMRirjt Ao '.uLn-E Scam 

Centigrade, add 273 to tht^ Ct‘ntigrude iVioiiog, 1 ^ vrt u Fatirea, 

heit reading to abwoluto tempendore . Id Itat t ti i fn* Kithrea- 

heit reading. (The value 4ni\ in not vxnrthm ^ ry urly .-.u i The* 
rules may be expressed by tin* following Pniuubt..; 


(20) ^ idr'g. 

(21) Tc Ti’ !■ 273 i Coni, alia.) 

Wherein: Ti?'amlTc - tlie absolute tontporat on-, toraiain-d in Iddimi. 
heit and Centignule degna'S, rospeet i\ oly, /> and 7\* tv |H-rtivdy, 
the Fahrenheit and (dmtigrnde i«onporri(nr»' . 

Example. — A Fahrenheit tln-rmuinrtnr rr.-ord’. |N*r. W hut in the 
equivalent Centigrade reading? Soia Ttt*\, l?y Imi' Am, f ^ « 
%{Tf -32) « X (bSO - 32) ■■ h'-rcy f 

Example.—A Centigrade t hermomotor ror^rd^ .M * lo » ' , What h 
the equivalent Fahr<nih(‘it I (unia-raf ure? i^iOJ rn»n y I or. (ID), 
Tp - HTc + 32 - X 51] d- :i2 123 b; 

Example. — The temperature of a. .solution Cdg. 74’ i ‘o C. Whitt, 



Fin, 74.’—Wiiat is the FjihnnihHt trusorfftf ar-t'V 


would a Fahrenheit thermometer read in the name oolul am 7 Soia^TUtK. 
By For. (19), 2V « HTc + 32 lU X 2bl A' 32 dli I 3*2 bS‘ f. 

Example. — A certain solution Holidiite.H at If l«dow yrro Falir. 
(— 9°F.). What is the e(iiiiv;»letdd<uti{MTai r.od’.-y a t igrado f liornetlie 

eter? Solution".— By For. (18), Tc ^i(7> ■' 32) - X ( 9 32) 

- ^ X (-41) - -22K« C., or 22%^ bdnm zrm rV*«|. 

Example. — A temperature of 32” F. is equiv.’donl fo 32 f* 4flll » 
492° F. absolute (abbreviated aha.), A tom|Htri»t.ur«* of hhif F. in etpiivs- 
lent to 650 + 460 « 1,010” F\ aba. 

Example.— A certain solution at a eertam pre^iiri! al. 20* C 
What is the absolute temperature hi S degreoi (..Attitigreiio at wMih 
the” solution boils? Solution.— By For. (21), % f# d- 273 » 
20 d- 273 = 293° C. aha. 
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63. Table Showing Temperatures At Which Some Impor- 
tant Phenomena Occur. — The melting and boiling phenomena 
here listed occur at the temperatures shown only when the 
substances are heated at normal atmospheric pressure. 



3,500 

0,330 

Temp, of electric arc. 

288 

I 

: 550 

Gunpowder ignites. 

3,500 

6,330 

Carbon vaporizer. 

215 

, 420 

Tin melts. 

3,000 

5,400 

Attained by Thermit. 

109 

228 

Sulphur melts. 

2,800 

5,072 

Oxyacetylene flame. 

100 

212 

Water boils. 

2,500 

4, '532 

Oxmium melts. 

79 

174 

Alcohol boils. 

2,225 

4,037 

Iridium melts. 

65 

149 

Fusible alloy meltS'. 

2,231 

4,000 

Bessemer furnace. 

61 

142 

Beeswax melts. 

1,710 

3,080 

Platinum melts. 

46 

114 

Paraffin melts. 

1,530 

2,731 

Wrought iron melts. 

44 

111 

Phosphorous melts. 

1,400 

2,552 

White “heat.” 

36.8 

98 

Human body in health. 

1,371 

2,500 

Steel melts. 

17 

62 

Mean temperature of sea. 

1.200 

2,192 

Orange red “heat.” 

0 

32 

Water freezes. 

1,100 

2,012 

Copper melts. 

-17.7 

0 

Mixture salt and ice melts. 

1,063 

1,981 

Pure gold melts. 

-38.8 

-34'. 3 

Mercury freezes. 

1,050 

1,922 

Cast iron (lowest) melts. 

-55 

-68 

Temp, in Arctics. 

970 ^ 

1,778 

Silver melts. 

-70 

-94 

Balloon (9 miles high). 

700 

1,292 

Dull red “heat.” 

-118 

-180 

Ether freezes. 

625 

1,157 

Aluminum melts. 

-252 

-422 

Hydrogen boils. 

405 

762 

(About) coal ignites. 

-259 

-434 

Hydrogen freezes. 

400 

752 

Red hot iron visible in 

-270 

-454 

Greatest Artificial “cold” 



dark. , 



i (1908). 

357 

674 

Mercury boils. 

-273 

-460 

Absolute zero. 

316 

600 

Lead melts. 

i 





64. Table Showing Ti;s;;v '|* . 
Fahrenheit And Ci n!!; ;.;.:, SraU-s, 


iik: 

Headings Fa 


Deg 

: Deg. 

Deg. 

1 t.-g 

Fiilir. 

j Cent. 

Dihr. 

i 

-40 

’ 40 

05 


“■3;i 

-35 

lill 

4M 

-22 

-30 

113 

45 

-13 

"■■25 

122 


- 4 

-20 

131 

.35 

6 

-15 

MO 

i;o 

14 

-10 

140 

0?5 

23 

- 5 

; I5H 

7o 

32 

0 

1; 107 


41 

5 

1 ' 

Ml 

50 

10 

j : 

i 185 : 

85 

59 

15 

: 1 04 

00 

58 

20 

' 203 

05 

77 

25 

; 212 

100 

86 

30 

' 221 

105 



3* Of ^h l ^ nmdii ut nmttrr 

^5, 1® naattor I« *11 *t . 

whethOT a substanoa is well « iron? " ' ‘ 

5p‘i‘:r.rs;.rs3r’ 

stance in each ettte! "*"'**“ *’ found? l)«,„rll»o brirHy il.r .-„t„liil..n ,.! e 

fl' three atate.? 

17 ’ molaouloB to vibrate?*^ Wb" *?* t*'*" *•' « euhtlT 

17. What ie temperature? H ^’’“t *" '"“•f 

18. What ie cold® temp«ratu« an Indieaaon of W,* ; 
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19. Is feeling a good way to judge temperature? Why? 

20. How is temperature accurately measured? 

21. Describe the Fahrenheit thermometer scale. The Centigrade. 

22. What is the absolute thermometer scale? Explain. 

23. What relation exists between Fahrenheit degrees and Centigrade degrees? 

24. What is the rule for converting temperature readings on the Fahrenheit scale to 
the Centigrade scale? Vice versa? 

25. How are ordinary thermometer readings reduced to absolute readings? 


PROBLEMS ON DIVISION 2 

1. Mercury boils at a temperature of 357° C.- What is the equivalent temperature 
on the Fahrenheit scale? 

2. Frozen ammonia is found to melt at —75.5° C. What is the equivalent tempera- 
ture by a Fahrenheit scale? 

3. Pure iron melts at about 2,750° F. What will a temperature recording instrument 
with a Centigrade scale record when inserted in the newly melted iron? 

4. Hydrogen gas has been liquified at the very low temperature of —396.4° F. 
This is noticed to be near the temperature of absolute zero. What is the temperature 
by the Centigrade system of measuring temperature? 

6. Express the following in absolute temperatures Fanrenheit: 212° F., 460° F., 
-32° F. 

6. Express the following in absolute temperatures Centigrade: 100° C., 0° C., 
-175° C., 20° C. 



DIVISION 


THE SOURCE OF HEAT 

66. Practically All Of The Earth’s Heat Is Derived Either 
Directly Or Indirectly From The Sim. It i ihi heut that 
insures continuaiico of all plant anti aninin! liii*. 

Note. — The JIeat Fih)h ’rat-: Sja \ tin : Tihik 

The Eahth.“~-”3<j veil Ui ally the plaat" hf-Dmoo S- i-.r :i,h fwl, 

either as coal (Fig. 75) or wotui. 

Coal (Fig. 75) Is hinuod frtoD 
deposits of vegetabio inaiitT whioh 
have been sulijected (.o grtnit. proN- 
sureand heatthrougli long pormtLs 
of time. Decay of vegetable and 


Fig, 75.' — Section of a coal id iii«, Fni, ti'h 

animal deposits within the earth iiIhi irDuli.fi in iliv i.fruinlkai 4 
natural gas and mineral oil (Fig, 7h)« nod ril iur hkitww 

available for fuel. The heat of the m,iii ntnri'd up in ibin^r hwii Ws. 
Thus it is made indirectly ayaikble for immlumlV it? e. 

'Note.— Smael Power Phahth (Fig. 77) llAVt; Umm 8m f i iiiicwp 
As To Draw The Heat Neoessarv Foe Timui iH*mATum h'lioM Till 
Suit. But such plants are of very liinileil appliefiliiitn The 
realized therefrom is, ordinanly, praotieally Iiieoiiiuiffi’ 0 »iiral 4 « wllli till' 

00 
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relatively great cost and complication of the apparatus required. Also, 
the direct heat of the sun is not constantly available. In some climates, 
long intervals may elapse during which the sun is obscured by clouds. 



Fia. 77. Fig. 78. 

Fig. 77 . — Pifres sun-power plant. (From Smithsonian Re'port, 1913.) (The 
mirrors are held in a reflector-shaped-fi-ame unit which can be faced toward the sun. 
A hand wheel is used to rotate the unit to such a position that the sun’s rays will 
fall directly on the mirrors. The rays from the sun then strike the mirrors and are 
reflected onto the boiler which is located in the center or “focus.” The water in the 
boiler absorbs heat from the sun’s rays and is thereby transformed into steam. The 
steam, thus formed, is used to drive the engine. The exhaust steam from the engine 
is used in a feedwater heater to heat the previously cold water which is pumped into 
the boiler.) 

Fig. 78. — Showing installation for heating water for bathing and washing purposes. 
(Day & Night Solar Heater Co., Los Angeles, Cal.) (The non-freezing liquid, shownjn 
black, upon being heated in the sun coil, S, on roof, circulates through the coil, C, inside 
of the storage boiler, thus heating the water. Note that the warmed water, which is to 
be used, does not circulate through the sun coil, S.) 

See also Fig. 78 which shows how the sun’s rays are used directly for 
water heating in California. 

66, Heat Rays From The Sun Cause Evaporation Of Water 
From Oceans, Lakes and Rivers. — The ascending vapors gather 
in the upper strata of the earth^s atmosphere to form clouds. 
Eventually the vapors condense and descend again to earth, 
falling on hill and mountain in the form of rain. The rain 
flows in rivulets to larger streams and rivers. That water which 
falls on the higher parts of the earth's surface possesses poten- 
tial mechanical energy. This may, with suitable equipment, 
be made available as mechanical or as electrical energy. 
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67. The Source Of Solar Heat has v foy 

many years. Hevt*nil in *‘\plauat infi i«i ii. ■. ta’iirjii ha^g 

been advanced. Probably tlu" int.»st j-'at of t 

nebular hypotlu-.'^Pi i • uh fi>!lo\v>: ; 

Explanation.— I t m Eint it.o r.pr - * 

planetary syatein waa originally lUlod u if h n ?.» . A ■ ',!.^ is |!4*!if»vt»{| 
by some to bo an oxiroiuely tonunnM bM,|y » >i I 
gaseous matter whirling at an enonutaiM ; p»'»n'i JioA a. »•-<-, vnrtw 

or center. Others believe a nebttla tit l-r n.-.^ up or 

particles of matter. !\jrtionH of thi^ n«‘bn!a ; u'.xU' b.iin tin* 
mass. They gradually contract and ctml duruu*. 0.«' r . 

Eventually they ftjrined the plautda, planetMid {usr! Mf'lM-r r, t- f :;il hetlb 
which comprise our present stdar sya.ttun of .brjr-- : ruiil iurgct-'* 

which revolve about the sun. 

Coincidentally, the immen.se^ mdaiious iMn’'-' inuuf'U.'‘A«‘1y litljiiet-Jit ty 
the vortex, or common eentttr, (though cxtondjut,!', ilu-oro iu uU diurdrtns 
through many milliouH of mile.s of apsre: Van.v hi. r ■,'.?' <* rMr.n':u-f sug limi 
solidifying into a compact body. ’'HdH body s<? uou t umnu i.* u;, 
sun. The shrinking or eontracting of {bt« vovionv. pmHimu:' of sa-buin Iihb 
been due to the gravitational or uitmetivt* foivo *4’ the |i;ii i vdiidi 
comprised the original mass. 

68. The Contraction Of The Sun Convtuls Potential 
Energy Of Position Into Heat, just as tin* falHny: of a stmii* 
finally converts its potential (umrgy of po>ifjuii into heat. 
It has been calculated that a eonlnudion id* I In* .- tiids diaimdcr 
of about 250 ft. per year is sufFteuNd. to supply tbu lif\uf which 
is given off by radiation. At this ru,h‘ td eon! raid inn. 
years would elapse before the sun wottld t^ybibif a siitliciciit 
alteration of size to bo diBcerned thrciugh «Hir i'-h- v 
For a more complete discussion of Huh Hubjf‘ct roe Abbids’ 
The Sttn. 

69. The Internal Heat Of The Earth Is Virtiiiilly Hnistilized* 
The presence of this heat is eviiltmt from tht^ vidi’iiriocs iiiic! 
hot springs that exist in certain localifiim. It in fhoufdd.. that 
the earth^s crust may be. 100 miles thkdt, and Hint biuitfiith 
this crust the mass of the earth is molkm hot. 

Note.— The EAETrfs iNTEiiNAu Heat Ih tfTii4i;iai Tq Bomm Extismt 
In ^Italy Foe The Development Or ccrtidii vulitiaitc 

regions powerful jets of superheated steam, of from Ubinm tu 4il*0C» Ih 
per hr. capacity, and at pressures of from 30 to 7B Ih. |M!T sip in,, ii» 
from boxings in the earth. These borkigi are frewri al»oiit 8 to 
16 m. m diameter and from 300 to 750 ft. deep. They are IItoiI with itod 
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tubes whicb convey tbe steam to tbe earth's surface where it is utilized 
in steam engines, steam turbines or similar energy-converting equipment. 


70. Meclianical Energy, or Action, Produces Heat. — It 
cannot be said that mechanical action is a source of heat, 
since the heat so produced comes indirectly from the sun. 
Heat is a manifestation of certain mechanical action. Or, 
otherwise stated, mechanical energy may he converted into 
heat energy. Primitive man found that he could start a fire 
(Fig. 79) by rubbing sticks together. The rubbing together 
of pieces of wood causes heat, due to the friction between 
the pieces. The mechanical energy applied by the man is 
transformed into heat energy. The man and the wood are 
dependent upon the sun for existence. Hence, the sun is, 
indirectly the source of the heat generated in the rubbing 


process. 



Fia. 79. — Fire from friction — ^kinetic 
energy transformed into heat energy. 


/ '/..■ 

OJtee/— . . A j . ' -N 

/// /■ 




5pcrrks(Hot Metal)--' 

Fia. 80. — Heat from friction of chisel 
against moving grinder. 


Note. — The Fobm Oe Frictioital Heat That Chiefly Coistcbrns 
The Power Plant Operation is that which is manifested in the heating 
of engine and shaft bearings by reason of excessive load or inadequate 
lubrication. 

Examples. — When an automobile, or a railway car, is stopped by 
applying the brake, considerable heat is developed by friction between 
the brake shoe and the wheel or other revolving element. The applied 
mechanical energy of the braking mechanism is converted into heat 
energy which is dissipated in the surrounding atmosphere. In grinding 
a tool (Fig. 80) on an emery wheel, or grindstone, heat is developed. 

71. Heat Is Developed When The Physical Forms Of 
Bodies Of Matter Are Changed. — If mechanical energy is so 
applied as to change the shape of a body, heat is ''generated.’" 
Lead becomes hot (Fig. 60) when hammered. The heat so 
manifested is due to percussion. When an iron wire (Fig. 59) 
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isbent. c■()^viInuoll.■4;^ buck ainl fi>rf It ut f he suiu«M»Miiii , it brijinn^i 
hot because of thtn-«‘!>* chuui^iut^ it*' ."'hu|M', ^Vitmupg 

is confined in a cylitni<*r 1-- v. -^*>1 by |,||q 

piston^s forcing it inU) a, .sutalb^r spuef, fli»' ua-- f v«r| 
warin. It may, under etn-tain rnndtf imu-, \,riu>U',r 
hot to ignite sporihir!t*t*ii.-l> * d'hi- lao/ »/'!.*■ 
noticeable in the action, rtf u Inrycb* nr anlMm.balf nrc^iniirip 
and in certain types of .'Os--- ■ < tug. :';i \ It u oiltsfroru 

the decreasing of the volume tHMnjpi»*d !u i hr ea 


Note. — Hkat UKVBLOcnn l\- 't‘Hi; ih » 

MITTED through the wall of fhe Ctaif lOOtitLS' ir-.rl ;;,|j.. 

away in a current of wtUer or in titr funriiumtitf .' ,o ni** 
expansion of the gas must t»o nttmiOr*! tr, .0- : 

heat, from surrounding mihstaiicau, t»unal in f hr qn.oOO 
pated. This principle is in tite nirt-li:i!r<i'..| r, fur. 

An often-observed example of tht‘ nnadf ni fle-i plirfs< tn, r?;:^ 
of frost which forms <m the end td a pneumotir ond. dnll 
when the drill is in operation. 


t^'*riux.v 
hr rarrie4 
O', dlira rti- 
u «pci!if2tyof 

‘■'5' dUig pluill 
r'l I hr mndini; 

pi|)e 


72. Heat May Be Derived From Ektctric.a! Entergy, ‘Hial i.s, 
electrical energy may bo transformed hlireeffy infi^ heat nicrgy. 
Every conductor whudi is carrying 
a current of electricity olT(u*s r(‘sis- 
tance to the current. A curnmf « 
carrying conductor always be- 
comes heated to some dc^gree, even 
though the heating may ofh'n l>e 
practically inapprccial)l(u H n v h 
heating of a conductor ntpnNstmfH 
a loss of electrical energy. This 


j^-'Corot 


•LIcetrk Iron 



Ironing 

Pig. 81. — ^Heat from olcotrioal ©aorgy. 



loss is known to the electrician as wltercfiii I 

represents the current in amperes and H tJic rc,»lst4i.iic© of 
the conductor in ohms. 
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Note. — The Heat Thus Developed In Electeical Conductors Is 
Made Useful In Various Ways. — Electric-furnaces, welding, car- 
heating, cooking, ironing (Fig. 81) are a few of the methods of utilizing 
electrically-developed heat. The electrical method of room heating (Fig. 
82) offers many conveniences. It is, however, relatively expensive in 
most localities. Electricity, flowing through and heating to incandes- 
cence a metal filament, is now indispensable as a producer of light. 
While producing the light, the electric current also causes the white-hot 
incandescent-lamp filament to give off heat. 


73. Heat Is Produced by Certain Chemical Reactions. 
That is, when certain chemical processes or reactions occur, 
chemical energy which resided in the substances involved in 
the reaction is transformed into 
and liberated as heat energyo 


Boiler- 




Fig. S3. — Combustion of coal — a 
chemical action. 


Fig. 84. — Combustion of gas 
heats water. 


Conversely, it is necessary to add heat energy to effect certain 
other chemical reactions; see Sec. 157 for a further discussion. 
Chemical reaction includes all forms of combustion. And 
combustion — burning — of fuels is the source of heat with which 
the power-plant operator is mainly concerned. The combus- 
tion or burning of coal (Fig. 83), wood, oil or gas (Fig. 84), is 
the chemical action (see Div. 14 on Combustion) occurring 
between the carbon and hydrogen, contained in the fuel sub- 
stances, and the oxygen of the air. 

Note. The Respiration Of Animals Is a Process Op Slow Com- 
bustion Or Chemical Action. The oxygen breathed into the lungs 
combines with the carbon and other elements in the blood. The result- 
ing chemical action liberates or “causes” a?iimal heat 
5 
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74 The Elements Fuel Huhstances Change 

Their Molecular Form In Uniting With Oxygen. Iliu jmthing 
is lost (Sec. 4S). Otiiy the fenil i,' cii.-iJiee.i, eimDgfijj 

accompanied by a very vinieni nen.e, ci d,,' . i<j funniti^ 

new molecules. It is so vieiejil ;i-. i.. pi,.,!ue, ii:*'T;jte h«it 
sufficient to caus(> fhi* eitmtmOii.se ■ ub l.Oir-. o. vjuw withs 
red or white light. 'Phis situatiiiii i d i.jmi.’ fiillvin 

Sec. 17G. By eiiiiil-u ihe elii-Miie:(I < >;. M,", lioleiitial 
energy) of the fuel subsinitfe is e.uned< d in;i. . cergr. 

OWKSTIONS O',', OlVl-.ii e, ,) 

1. What id mai»kiji(r:i tuntu ?(utu'.*r mI h.-iO » 3,* ■ '' 

2. Why iathcdim'.thmtui' t.hr;ou« £»**» rMi.i' .■,« • o',', ru.v ", 

3. What is thorclatitBi ImtwnMi ihr i.tda r yie;,y, ,r o . 
conbustion of wohd? 

4. What is tho origin of nitturni gn-/' 

6. HowdooH ihoauii pnnim*** Do* pMtt'rf nl-irU b. j, ; /i ,i yr.i,,;-?** 

6. Is tho earth solid thnnighuitt ? I.’jthtjy, 

7. Is tho heat of tho ofirth'o intoriin' Oiiuhtl'ld B j i,*' i" '■»' ' 

8. What cauaoH the heating <»!' nn \ ~ ju) 

engine bearing of any practionl nno m hi Hf.Jot th.’ ' 

9. How does oomproHrion of a m-* ntiVrt thr p-ji.j , . ' - 1 ^ " 

10. Name some uses of the heat whnd* j ■ olwtsva oe*, , , >. 1 ,,,,^. 

flows in a conductor. 

11. Explain how heat is thtvtflopotl }»v Mh t J. ■ : 'i , . ' ■ 

12. What transfurrnntitin of <*ntM'g,v M<n*ni whoi, 1 .t,i k • ■ 
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HEAT— ITS MEASUREMENT AND TRANSFORMATIONS 

75. The Amount Or Quantity Of Heat Which Any Portion Of 
Matter Contains is determined by: (1) The weight of the portion 
of matter, (2) The nature of the substance, (3) Its condition ^ 
whether solids liquid^ or gaseous, (4) Its temperature, (5) 
Its pressure^ if the substance is a gas. Therefore, if the condi- 
tion and characteristics, as specified in the five preceding items, 
are known, concerning a body, the quantity 
of heat which it contains can, as will be 
shown, be determined, 

76o For Measuring Quantity Of Heat A 
Unit Is Necessary. — The ancient philos- 
ophers thought that heat was a fluid. 

Heat does resemble a subtle fluid, in that 
it may be poured into a portion of matter 
to make it warmer, or drawn out’^ of the 
body to cool it. Just as the gallon is the 
unit for measuring quantity of water, so 
the British thermal unit (which is defined 
in the following section) is a unit by which 
quantity of heat may be measured. But it 
should be remembered that heat is by no 
means a fluid. It is (Sec. 32) kinetic 
molecular energy. 

77. A Unit For Measuring Quantity Of 
Heat Is The ‘‘British Thermal Unit^’ 

(B.t.u.) — A definition, sufiiciently accurate ^ guLaw “Lt 
for practical purposes, is this (Fig. 85 ) — A quired to raise i ib of 
British thermal unit is the amount or quantity ^ ^ 
of heat, required to increase the temperature of 1 lb, of water, 1° F, 
The preceding interpretation is the one which will be assumed 
in this book, unless otherwise specified. 
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Note.— T o Bkwnk Thi: lUw., H uii StuAiinr .Vr^pHAcy tiu 
tcinpemture must In* '‘‘in*. ...-u-ivnw 

technical definiiiou m: A tht t*/ inraim'^t 

temperature of 1 Ih* of waiu’ ji'tfm *VJ ' f\ (u iKI /•’. « Vrfuia antborities 

specify the l()wer teniiMTatiirr a..*-* h'V r. frj {■■'.,», specify 

39.1“ F., at wiiich ■{<‘i)iiiM‘rut un* \%at»‘r ii;i> if;-^ iisasininiii dritjjty, Aiiotk 
definition states that ‘*a H.t.u. is iso of i\io tnial liaaf reinsiretl to raise 
the temporature of 1 Ua of \\aU‘r fnnu tiio frr*vi?u.' fn Iho hoiliitg point” 
Due to the facst tliat experiments show that the la-ni aetually required 
to raise the temperature of watisr I'' I*’,, varie'^ with the f<uujienitureo! 
the water, it is essential, in preeiso laheirotnry detarminjititaiH, that th 
unit be defined accurately. Hut th<* forhiu‘«*;dit ion iiifrotiuoed in the 
different definitions, i:j;iven in iltbs nofo, ran be di, icyardrd in practical 
engineering. 

Y8. The Formula For Computing Tiie Amount Of Heat 

Required To Change The Teuipcraturc Of Water A Specified 
Degree Is: 

(22) ^ Q =5 W(7\ — 7\) (lirifisli thormal units) 

Wherein: Q = amount of heat added or ; ubf mof otl. In British 
thermal units. W = weight of \xtiUn\ in iHuinds. 7h and Tj 
==» respectively, upper and hnvtu- t(an|n‘raf urns, in degrees 
Fahrenheit. 

Dertvation. Since by definidon, 1 B.t.u. will incro.'U'o fho tempera* 
ture of 1 lb. of water 1“ F., it is nuirt^ly n<‘c<*>'sary, in order to <h‘tcrnune 
the heat required to increase t»he teinimratun* of tho uator nny number 
of degrees Fahrenheit, to multiply the w<ught of water, under (vajHidera- 
tion, by the rise, in temi>cratnro which occurs, in degrecK Falircmheit. 
This operation is the one ■which tdie formula, spiH‘itit*H. 

Example.-— How much heat is re(|uire<l to raist^ the tciupcrature of 
1 gal. of water from 75 to 101“ F,? SontmoM.— -A galhm of water weighs 
8.3 lb. Substituting in For. (22): Q .4:’. W(7h — 7’,) K.MflOi « 75) 
=s 216 B.t.u, 


79 . The SmaU Calorie Is The Metric Unit Of Quantity Of 
Heat. — The small calorie is used almost exclusively in phys- 
ical-laboratory work, the world ovcu-. Tla; small calorie is 
the amount of heat required to raise tlio temperature of 1 gram 
(1 cubic centimeter) of water 1° C. 


1 S.t.u. = 262 smaii caloriea. 

(24) 1 small calorie = 0.004 B.t.u. {a,>i,nmtH,dcly) 

Kilogram Calobik, Ok Labok Calorib, is one thousand 
+,*_ *^^ grea as the small calorie. It is used in tuudnnm'ing oomputa* 

tions m countries which have adopted the metric Bystam. 
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(25) ^ 1 B.t.u. == 0.252 large calorie. 

(26) 1 large calorie ~ 3.968 BXUo 

Note. — Where Heat Quantity Is Specified In Calories, it should 
be designated whether the large calorie or the small calorie is implied. 

Example. — How many small calories are equivalent to 615 B.t.u.? 
Solution. — Now, 1 B.t.u. =252 small calories. Therefore. 615 B.t.u, = 
615 X 252 = 154,980 small calories. 

Example. — How many B.t.u. are required to raise 5 kilograms of 
water 5° C in temperature? Solution. — It is a fact that ; b kilograms = 
5,000 grams. Hence, heat required to raise 5,000 grams, 5*^ C. = gm. X 
deg. Cent. = 5,000 X 5 = 25,000 small calories. Now, 1 small calorie = 
0.004 B.t.u. Therefore, 25,000 cal. = 25,000 X 0.004 = 100 B.t.u. 


80. The First Law Of Thermodynamics is: Heat and 
mechanical energy can he converted one to the other and, when 
thus converted, a definite relationship 

always exists. This follows from the 
statements of Secs. 25 anid 26. It 
means that heat energy can be trans- 
formed into mechanical energy (Fig. 

86) and, conversely, that mechanical 
energy can be converted to heat 
energy; it means, further, that for 
each unit (1 B.t.u., for example) of 
heat energy that is converted into 
mechanical energy, a certain number 
of mechanical-energy units (foot- 
pounds) will be formed, and vice 
versa. The original number of energy 
units of one kind of energy determines 
the number of energy units of the 
other kind that will result from a 
perfect conversion. See following 
sections. 

81. Since “Heat And Mechanical 
Energy May Be Converted From 

One To The Other” There Must Obviously Be A Mechanical 
Unit Equivalent Of The British Thermal Unit. — The foot- 
pound (Sec. 22) is a unit of- mechanical energy. The B.t.u. 
is a unit of heat energy. It follows, therefore, that a B.t.u. 
should be equivalent to a certain definite number of foot- 
pounds. Experiments have proven that it is. 



Fig. 86. — Heating a confined 
gas in a hot-air engine increases 
the volume of the gas and thereby 
converts heat into mechanical 
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82 « The Mechanical :t of 

number 0/ in n fpt.n, I 

verified fliousnridH uf ^rin* -•* -■ 

involved k r^vplrur. .1 Inflow, All uf fhr. 
that for praeiical enginacrlfii;^ parf 


ileiit, 

d.' 

P'L' Ilf 

;-‘t‘ •’■■, 


fBiv. I ^ 

^ fhat.is, a, 
'■'■'■iiiiiu'il aid 

‘ f_‘« apparati 
•-'■i'li.'uts shot 


(27) 

(28) 

(29) 

(30) 


1 liJ.u. 77H Ji.-lh. 

1 ftAh. . 0.0(1 1. 2S H.t.u. 

Ifrp. . ^VSA'irt.t.u. iwv Min 

1 hp. 2,5-ir, It.t.u. jnrhr. 


1 B.t.u . 77K2/.4..A;:!.n r 

raise the tomperuiure ..f I 11 ., „f wafr U.'. , 



unng of the heat energy i 

foot-pouads of work done //, by the 

^ddles, P, whick are caused to Af\**'™'^*** action of sulimerged 
88 and 89 for another ^ ^ 

equivalent of heat. gement for dotermining tlie ineohaniMl 
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Explanation.— The foot-pounds of work done by W (Fig. 87), in fall- 
ing a distance D is (neglecting friction, which can be rendered insignifi- 
cant) expended solely in stirring the water H. The friction produced 



J-IQ 88— Meohanioal equivalent of heat apparatus. (.Oeniral Soienlifu: Co.) See 
eucoeeding illustration. The falling weight does work-eriponds energy— whioh heats 
the water in the container. 


(i^-<- -Thermometer 



Fio. 89. — Section of friction element of mechanical equivalent apparatus. (This ip 
partial sectional view of the equipment shown in the preceding illustration.) 

thereby raises the temperature of the water. This indicates that heat 
has been imparted to the water. By noting the rise in temperature and 
the weight of water, the amount of heat energy which results from the 
expenditure of the mechanical energy may be calculated readily. 

Example. — ^Water weighing 125 lb. and at 60° F. is held in a container, 
like that of Fig. 87. It is stirred by the paddles which are actuated by a 
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weight, whifh, when the teinpernture m|' tin- wnirr Isiih attained 
63® F., has (levelop<ui 2hl,ThO t't.-lh., i>t smhI, \>:^nuung that all 
exterior frietion is iiegHgihle, h<n\ niiuiy hM»t 'fMnifuti <’ac‘h B,t.u. 

of heat, iuiparte<l to the water, n*pre,'^t'ftt . t mm\. I h ‘a, t absorbed 
by the water, .For. (22) ■ Q W Vb ^ I2h X (Ph — 60) a 

125 X 3 =“• 375 BJ.n. h'heii tlie /eef-p«oo;h..t fj- pvr BAm, » 
291,750 375 — 77S ft,4h., whieh bs the iiteehaiiii*.al eqni\'a lent, of beat 

as specified above. 




it 

1-^ •< '"i| ' ■> 


r 








83. The Mechanical Equivalent Of Heat May Be Beter- 
mined Electrically with an a.ppar:ilus (Mg. tHf) whorehy tlie 
electrical tac'rgy is cxponrini in a, resistor 
which is siil»nnn-,“»'ri in a vosstd mritaining 
a known w(a‘ghi of water. Ha* watthours 
energy e.viienriit iir(‘ can he reduced nnulily 
to .fooi-pontHh*. (It. is a fact, that: I wail- 
hour — 2,f>o5.d //.-/h.) Tlacn, knowing the 
initial and final tianperat un^.s of the water, 
the mechanical (‘fpiiMihad of lieat can be 
determined. 

84. The Second Law Of Thermodynam- 
ics may lie stattai in many ways; two 
stat(nuent.s of the law ar(‘ given lu're: (.1) 
Heat has never hven kntava io Jitav e/ its own 
accoi^d frovh a cold fo a rehiHrely fioiltr body. 
(2) It is 'inrpos.sfhh‘ io oldain leork by cool- 
ing amj qmlion of 7n(ifier l>e!oie the tem- 
perature of the coldest of surroafidifig ohjecU. 

To cause heat to flow from a. c’old to a 
relatively hotter body (as it does in refng<*ra,t ing maeddnes) an 
expenditure of energy is roquinal. The i-on,' ccpimM-ix of this 
law are of great importance. It will bci shown by means of 
this law that heat can never bo c.onhphd<dy converted into 
mechanical energy — not even under ideal conditions. When- 
ever heat energy is converted into mechanical eiun'gy, some 
of the heat must remain in the unconv(U‘tcd state as heat 
energy. The heat which cannot be converted may be con- 
sidered as an unavoidable /Toss/' although tlm lieat is not 
actually lost. 

Example. Much of the heat of the steam from a b>oiler may be; 
unavoidably *‘lost'’ (Eig. 91) by radiation from the pipes and through 


/?es/s3'cy/7Ce Wire-' 

Pio. 90. — Electrical 
calorimeter for deter- 
mining heating effect of 
electric current. 
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But, as stipulated by tlie law ■ ataterueut i2i ; W is impo,^, 

sible to obtain work from tho ntmn.spbrri% «»r frt ou any ! Utto/; «-lsty by cooling 
it below the lempe.ralurf the eiddef’t aurrMuiMinu*; <»b]*'rts. ^ew, the 
temporatiire of ibo utmosphtoa* i>; a snri t»f ;;ra Irv**! »f 2 • . .■■iuiv i;;, 
the temperature to which all bodien riiher hutn-r ur > Mhif'r uill uHimately 
come if left to themselves, d'o tildain nurk tr<>m ;i !»>'<lratihc motor 
or waterwheel, there umst be a ht*atl of uater; ihaf i;:, there must 
be a decrease of altitiule tlown ii> a lower level, btloa’i, i: t*, tit obtain work 
from a heat motor, there must be a fall ttf (iuopm-ul ure ami this requires 
a soxirce of heat at a temperature higher tbnu atui»c {4;er’H*. Or, using 
the atmosphei’e as a heat souree, t,ht*re wmild be require.! a refrigerator, 
or cooliiig medium, at a temp<u*ature U»wer fh.an that of the atmtmphere. 
The latter alternative is impossible, for th<‘n* eumiot be fotiml in nature 
any portioxx of matter which is pi'rtnetu'tii t eoider tlmu th«‘ atmosphere 
and which can be used as a refrigtu’ator. I h*m*e, it ir< ijupo::. ibh* tu elitain 
work from the heat in the aimosphtua*. 

85. The Conversion Of Heat Energy Into Mechanical 
Energy Can Never Be Coiuploteo 'rbenrot ionlly, it would be 
possible to completely convert heat energy into luerluinical 
energy -i/ a suhstance we're found tr/nnve tt luponiturr isahmluk 
zero (Sec. 61 ). But since, tis stated in tlie prtuuMling uottqno 
substance can be fouixxl the tempiu'ature of wlu<’h is perma- 
nentlylower than tihat of tln^ at mos|)hei'e, uu'n I ransftjriualioii 
of heat energy into mechanical (uuu'gy, evt*n I itotigh t iu‘ inudiino 
is frictionless, will involve a loss dtic to n'Jveied i>r deijnuledkai 
which cannot be transfonmul into nnudutnical t‘n(‘rgy. 

An Example Of This Deohax>ei> Hwat is the heat, in tlic cxlumsbofa 
steam engine, steam tux'binc, or inienml-comlmstion engine. This 
degraded heat energy is comparable to the p<»tcntial energy iix the water 
which is discarded by a hydraulic nuxtor or \vati*jnv heel the discurded 
water is still about 3,960 miloB fronx the center of the enrtli and therefore 
still contains a great amount of xxotcmiial energy. Ihit t his <*nergy oaiinot 
be utilized in a waterwheel becauHtx tins wntisrwlnad muat diHcard its 
water into a nearby stream, llenco no wafxsrwheel uiiliir.i*», or converts 
into useful mechanical energy, all of the potcixiinl micrgy in its water 
supply. 

86. The Conversion Of Mechanical Energy Into Heat 
Energy Usually Is Complete. — OjuiipMr.- this with tho opening 
statement of the preceding section. If a brake be aiipliod toa 
turning wheel, all of the mechanical energy (which is consumed 
in overcoming the resistance of the brake) will be transformed 
into heat — which will raise the temperature of the brake, whed 
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and surrounding objects and air. In fact, the apparatus 
for determining the mechanical equivalent of heat (Figs. 87 
and 88) is based on this principle. This may again, as in the 
preceding section, be likened to the conversion of work into 
potential energy when work is done in lifting water. If 1 lb. 
of water is raised 1 ft. from the surface of the earth, its 
potential energy will be increased by 1 ft. -lb. All of the work 
done on the water adds to its stock of potential energy. 

87. The “Thermal Capacity^’ Or “Heat Capacity^ Of A 
Substance Is the quantity of heat (number of heat units) that 
under chosen conditions, must be added to or subtracted from 
the substance to change its temperature one degree. In the 
English system, the thermal capacity is the number of British 
thermal units which must be imparted to or abstracted from 
the substance to change its temperature 1° F. The thermal 
capacity of a given substance need not always be the same. It 
depends on the state (Sec. 49) of the substance and often on 
many other things. 

Examples. — If a gas be heated in a container of given volume, its 
thermal capacity will be different than if the gas is heated in a container 
where it can expand — as when it forces out a piston; see following Sec. 99. 
For solids and liquids the thermal capacity varies slightly with the 
temperature (Sec. 88) but the variation is so small that, in engineering 
work, it is generally neglected. 

88. The “Specific Heat’’ Or “Coefficient Of Thermal 
Capacity” Of A Substance is its thermal capacity (Sec. 87) per 
unit mass. It is the number of British thermal units that must 
be imparted to, or abstracted from, each pound of the substance 
to change the temperature of the substance F. Just as 
the thermal capacities of different substances depend on the 
conditions under which they are heated or cooled (Sec. 87), 
so do also the specific heats of different substances. Figs. 93 
and 94 show how the specific heats of water, carbon, and iron 
vary with the temperature. The specific heat of a gas may, 
as is explained in Div. 8, have almost any value depending on 
the conditions under which the gas is heated or cooled. 

Note. — The Exact Definition Op Specific Heat is: The specific 
heat of a substance, at a given temperature and under given external condi- 
tions, is the ratio of the thermal capacity per unit mass of this substance, at 
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the given temperature ami under Ihr gin n nuatildnie, !n the iheniial capadli 
per unit mass of ti'uicr umU r some efuisen :Jtt ruiarti teui pt rat ure and extemd 
conditions.. If the choHvn f enip(‘na tin* hjmI pree^tm- fi»r are (>3.5®?. 

and atmospheric pi-csKiire, thou tht" thoriual rap.-uuiy of thu water pet 
unit mass is 1 and the speeiftc h<*;it of tho hn\>et:iitro hocomoK luirnerically 



Fig. 93. — -Specific lieat of water at 
different temperatures and at sattira- 
tion pressure. (Marks <& Davis tStemn 
Tables.) 



h'tti. Ul. lu'HtN »»f carbon anil 

iron at. djiferrut ti'Uijirraf ttrrn. (['Vanklin 
aii»l McNijtt.) 


equal to its thermal capacit»y i)or unit maw tmdor Jiu* cotulitioiis. 

Thus, a specific-heat value ie a ra-tro. It. m<‘roly o\| ir<*{-::‘o.s how much heat 
is required to raise the temperature of any w<‘ifi;ht of tht‘ .suhaf atice by 1“ 
as compared with the heat retpiired to raint* (In* ti‘mp«Ta( un‘ t>f the same 
weight of water by 1®. 

Note. — A SpECHfic Heat Vauuk Ih Not lhu»i*r:ui.v Xou Nkcu-ihharily 
Expbessible In Any Ceutaxn IT nxt.— 'There in only one Hpecific-heat 
value for a given substance (Sec l’a,blc hO) jmd given corulilions. This 
value holds regardless of what units of weight, irinpev:i\nn% and heat 
measurement are employed. In this r(tsp(w.i, a lu'ut. value for a 

given substance is similar to a spccifK’i-graviiy %*ahie. 

89. Different Substances Have Different Specific Heats.-™ 
This truth may be verified by clrojjpin.L*- two luuiteMl one 

of copper and one of iron, each wx-ii^hing 1 lb., and at the same 
temperature, into two vessels, botli of wdnch contain the same 
weight of water, at the same tcniixn-at.uro. It will l>e found 
that the water in the vessel in which the iron b^dl is dropped 
attains the higher temperature. Tills shows that a pound of 
iron, at a given temperature, contains more heat than a 
pound of copper at the same temperature, 

Example. — W ater has (by definition of th© B.t.u., Bee. 77), a speoifis 
heat of 1.0. It has the greatest specific boat or capacity for heat of aty 
common substance. Tor the specific heats of various substances, see 
Table 90. 
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90. Table Showing Mean Specific Heats Of Substances 
Between The Temperatures Of 32 And 212® (These 
values, except those shown for gases, are all at constant atmos- 
pheric pressure.) 


Substance 


Solids: Pure Metals 

Aluminum 

Antimony 

Calcium 

Copper 

Gold 

Iron 

Lead 

Nickel 

Platinum 

Silver 

Tin 

Tungsten 

Zinc. 

Solids’ Metal 

Allots 

Bell metal 

Brass, yellow. 

Brass, red .......... 

Bronze 

German silver 

Nickel steel 

Solder 

Type metal. 

Solids: M i s c b l- 

LANBOTJS 

Asbestos I 

Ashes . ' 

Brick 

Carbon, coke. ...... 

Cinders 

Coal 

Concrete 

Cork 

Glass, Normal 

Glass, Crown 

Glass, Flint 

Granite 

Ice 

India rubber 

Limestone 


Specific 

heat 


Substance 


Specific heat 


0.218 

Marble 

0.21 

0.051 

Paraffin wax 

0. 

69 

0.170 

Porcelain 

0.255 

0.093 

Sand 

0. 

195 

0.031 

Wood, Oak 

0.57 

0.110 

Wood, Fine 

0, 

67 

0.031 

Liquids 



0.108 

Acetic Acid 

« 0-' 

51 

0.032 

Alcohol 

0. 

70 

0.056 

Benzol 

b.43 

0.055 

Ether ] 

0. 

503 

0.034 

Gasoline i 

0. 

70 

0.094 

Glycerine 

0. 

576 


Kerosene 

0. 

50 


Machine oil 

0. 

40 

0.086 

Mercury 

0. 

033 

0.088 

Petroleum 

0. 

033 

0.090 

Sulphuric acid 

0. 

498 

0.104 

Turpentine 

0. 

472 

0.095 

Water 

1. 

000 

0.109 

Molten Metals 



0.04 to .045 

Lead 590®-680® 

0. 

041 

0.039 

Tin 460°-660° ^ 

0. 

058 

0.20 

0.20 


Constant 

Constant 

0.22 


1 pressure 

volume 

0.203 




0.18 




0.314 

Gases at 62° F. 



0.27 

Air 

0.238 

0.169 

0.485 

Oxygen 

0.217 

0.155 

0.199 

Nitrogen 

0.247 

0.176 

0.16 

Hydrogen 

3.420 

2.440 

0.12 

Carbon monoxide (CO).. 

0.243 

0.172 

0.195 

Carbon dioxide (CO 2 ) 

0.210 

0.160 

0.504 

Sulphur dioxide fSOa) 

0.154 

0.123 

0.27 to 0.48 

Ammonia (NHs^ 

0.523 

0.407 

0.217 

•Steam (average) 

0.452 

0.347 

1 


For one condition only. See also Table 394. 
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91. Tine Formula For Dc1ern)hnnj*; The Specific Heat Of A 

Substance On Tbe Basis Of Its Weight And Temperature 
Change follows from the af So?\ KS. It is there 

implied that s"pectjic hmi HJ:u, prr 'pvr thujrcc tmh 

perature difference. Note, Soc. 93 latUnv, that this applies only 
when there is no change in stait 

^ (specific heat) 

Wherein: C = specific heat of the suhslamre. Q - total heat 
added to the substance, in B.t.u, W uiiglit of the suh 
stance, in pounds* Ti l<Mup<'rM( urt* Q is added, 

in degrees Fahrenheit. T*> — ftanp»T:t f uiv after Q is added, 
in degrees Fahrenheit. 

Ex AMPLE. -»^A certain mixture, winKldnir. 10 lit., rutjuirrH 7.5 R.U 
to raise its temperature 1® E. What, in t.he .sp^H-ilif heal tif tini mixture? 
SoimTiON. — Substituting, For. (HI): C Q ■> 1W(7*2 • 7’i)] - 7.5 t 

[10X1] = 0.75 ~ specific heat of the ftiLvtnrc, 

92. The Formula For Computing The Amount Of Heat 

That Must Be Added To A Substance Of Known Specific 
Heat To Increase Its Temperature A Certain Degree Or The 
Heat Which Must Be Abstracted To Cool A Body A Certain 
Degree (when there is no change in Bee. 93 below) 

is obtainedby transposing For. (31) thus: 

(^2) Q = CW(Tii-* 7h) (British tliermal imits) 

Wherein the symbols have the same menmings as specified 
above. 

Example. — T he specific heat of a ecrlaiu grades of coni is known to lie 
0.31. How many B.t.u, of heat will be retjtnrtnl to raiHo t ins iemporaiure 
of 1.6 lb. of this coal from 61 to 67® F.? Hot.irrioN. Sulmtituting, in 
Fox, (32): Q = CW{7\ - a\) « 0.31 X 1.5 X (67 61) 2.70 BAu, 

93. The Above Formulas Apply Only Where There Is Ho 
Change Of State (Sec. 49). This rofcrH to ForinulaB (SI) 
and (32). If heat is added to water under ftiinosplunic pres- 
sure, and at a temperature of 212^ F., it will be found that 
many heat units must be added to change the temperature. 
Water chanps into steam— changes its" state— at 212*’ t 
Much additional heat (Sec. 106) is reciuinHi to effect fte 
change. After water vaporizes into steam, its specific heAt 
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changes; see Table 90. Also, after water freezes into ice — 
changes from the liquid to the solid state — ^its specific heat is 
different. In fact, the doctrine just outlined, applies in 
general to all substances, as will be evident from a considera- 
tion of the specific heat values of Table 90. 

94. To Determine The Specific Heats Of Solid Substances, 
The Method Of Mixtures is, ordinarily, the most practicable. 
A special container (Fig. 95) is 
employed to hold the liquid — 
usually water — and the solid while 
they are being mixed. The con- Thermometer- 
tainer is, frequently, nickel plated 
(Sec. 144) or lagged (Fig. 96) with 



''Heoif-lnsuluting 

b..r.C‘C3 ^ M&ferl&l ^ 

Fig. 95. — ^Simple calorimeter. Fig. 96. — Calorimeter assembled (^Central 

Scientific Company). 



heat-insulating material (Sec. 114) to minimize the ingress or 
egress of heat during the determination. Such a container is 
called a calorimeter. Since nearly all heat measurements are 
made in calorimeters, heat measurement is often termed 
calorimetry. The formula employed in computing the specific 
heat — its derivation and an explanation are given below — ^is: 


(33) 


CcWcCTm - To) 
~ Tm) 


(British thermal units) 


Wherein: = the specific heat of the hotter body. Wc = 

the weight of the cooler body, in any weight unit whatsoever. 
Cc = the specific heat of the cooler body; if water is used for 
the cooler body this specific heat will be ^‘1.’' Tm = the 
final temperature of the mixture, in any temperature unit 
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wiiatsoever. Tc - tlu.^ :;v.- t>f the cooler 

body (‘xprossi'd in tlii‘ .saiiH’- 1 m nint an Tm* 

the weight o! the hotter -xnn- iti ilit‘ name weigh 

unit as Wc- Tn Urn original iein|u-nj I un^ of the hotter 
body, expressed in thesanie Lor^- unit as Tm^ 

Derivation,— “I n thn nn*th«Ki of iui\turo!S titf ruuirr hwly absorbs 
heat and the hotter body hnuses laeti. <Jbvntu:dy. ilie ntnumifcofbat 
gained by the cooler body must, iHjtiul the natnant (»f h<‘Mi lent by tbe 
hotter body. This juunt be true since the t*:tb»rinH‘!rr i>* Kt > etjasirncted 
that no heat can enten' or leave it ilnring tie* defrrniinat iMn. Also, itis 
an obvious fact that the onginally-eiKiler h<»dy and I lie tnigiiiHlly-hotte! 
body must finally attain exactly the Sfina* temperat ure in tlie eulorimeter, 
which temperature in herein designated by New. fnnu For. (32), 

the heat gained by the coohu' body will ht*: 


(34) Q - CcWciTM Tv) (British tliermal units) 

Also, from For. (32), the heat lost by the hotfm* IhkIv will !><•: 

(35) Q - C//W//(7h - Tm) (British thermal units) 


Since the heat gained Ijy the <‘ooh‘r body, as expressed by For. (34), 
must equal the heat lost by the hoittu* body, whic*h is expressed by For. 

(35) , it follows that: 

(36) CcWc(Tm - Tv) CitW ii(Tu - 7\w) 

Now, assuming that it is desired to solves for the stp«M*ilie heat of tlie 
hotter body, by tivinsposing F‘'or. (36) th(*r<5 re.su!th; 

CeWe (Tm -•» 7’r) 

W/;(7’// - Tm) 


(37) 


C/i 


(specific heat) 


which is the same as For. (33). 

Example. — What is the specific heat<jf lead? dla* haul weighs 3 lb. 
The water in the calorimeter (Fig. 97) weighs 4 Ib. I'he temperature 
of the lead, before immersing in the water was 219” F. dlie initial tem- 
perature of the water in the calorimeter -wm 55^ F. d’he maximum 
temperature of the water-lead mixture in the ealorimel<;r, after adding 
the hot lead, is 58.47° F. Soi^ution.— B uljBtiiuting in For. (33): C// « 
OcWc{Tm - Tc)/^ii{TH - Tm) « [1 X 4(58.47 -» 55)] > [3(210- 
58.47)1 = 13.88 -r* 454.59 =» 0.031. 

Explanation. — ^It Is Desieep (Fio. 07) To Dbtwiimine Tub BpEcmc 
Heat Op Lead. All that are necessary are: (1) Ronw pura timter. (2) 
head shot, (3) Two thermometers, (4) C<dor'itn€tcT, (5) A tnethod oj 
heating the lead. First, pour a known weight of water (say 4 lb.)) 
which should be at about room-temperature, into the calorimete. 
Determine accurately the temperature of this water (say it is 65® F.)* 
Now pour the shot into. a container, a test tube will do. Then lower the 
test tube and shot (say 3 lb.) into, and permit them to remain in a veS8^ 
of hot water until the shot become heated to Bome certain 
temperature, say 210° F, 
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Next, the 210° F. shot are poured from the test tube into the water in 
the calorimeter, which should contain a thermometer. The tempera- 
ture of this water will be observed to increase considerably due to the 
heat flowing from the hot shot into 


the water. Note the maximum 
temperature which the water attains 
(say it is 58.47° F.). 

Now, obviously, the temperature 
of the lead has decreased. The tem- 
perature of the water has increased- 
Since the weight of the water in the 
calorimeter and its temperature rise 
are known, the B.t.u. of heat im- 
parted to it by the shot may be com- 



puted by applying For. (32). This Fig. 97. — Detormiaing specific heat 

heat in B.t.u. (imparted to the water of lead by the “method of mixtures.” 


by the shot) must be the same amount 


of heat as that which is given up by the lead. Then, since the tem- 
perature in degrees, the weight, and the amount of heat given by 
the lead to the water are known, the specific heat of the lead may be 
determined, readily, by using For. (32) transposed. Study the follow- 
ing solution, of the example above given, in which it is assumed that 
there are no heat losses to the air or to the calorimeter and its insulating 
material. This solution illustrates another slightly different method of 
calculating specific heat. In a practical problem, the heat-loss items 
would require consideration, if accurate results are essential. 

Solution. — By For. (32) the heat imparted to the water = Q = C X 
'W(r 2 — Ti) = 1 X4 (58.47 — 55) = 13.88 B.t.u. Therefore, also the 
heat given up hy the lead = 13.88 B.t.u. That is, the heat lost from the 
lead = heat gained hy the water. Then, Q = Ch'^h{Th — Tm) or 
Ca- = Q [WaCra - Tu)\ = 13.88 [3(210 - 58.47)] = 0.031, which 

is the specific heat of lead, as shown in Table 90. 


95. The Effect Of Mixing Two Or More Different Sub- 
stances Of Unequal Temperatures may be understood from a 
further consideration of the principles which have just been 
presented. Thus, if 10 lb. of water at 20 ^^ F. is mixed with 
10 lb. of water at 100° F., obviously, the resulting temperature 
of the mixture will be : (20 + 100 ) -- 2 == 60° F. However, if 
10 lb. of water at 20° F. is mixed with 10 lb. of copper at 
100° F., the temperature after mixing will not be 60° F. The 
resulting temperature can — ^if there is no change of state, 
Sec. 93, as a result of the mixing — ^be computed by using this 
formula: 


(38) T 


WiCiTi -{- W 2 C 2 T 2 -h W 3 C 3 T 3 + etc. 
WiCi + W 2 Ca + W 3 C 3 + etc. 


(degrees) 
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Wherein: Wi, W-^t W*-?, da, r. -•I,' , the weights of 
the different siil)stancL\s tjf nnxtim\ in any weight unit 
whatsoever provitiiug all an* in Uie iinif . C|, C-*, C'i,€tc. 

'= respeeti v(‘ly, the eurrespondiup: .<|H*eiru- tieaJs uf the differ- 
ent substances. !Zh, f/b, "/’iu n-ptaf ivei\% the cor- 
responding initial i.{aii|.K‘nii lO’;-:- ol Um* <,iiiu*re!tt el. in 

any temperature unit pri.vi.h-d ail an* in tfa* same unit. 
T = the resulting fuud iruipi-r.-Uun- of flio inixlure, in the 
same temperature unit as Ti^ f/'s, dc. 


DERIVA.TXON. — TciupeniUircrt as .shown h\’ ! !i<*r(tituiH‘t('r scales are 
reckoned above an arbitrary daiunt or *‘/t‘ro.‘' \tnv, l.y di^tinitions: 
The heat in a sulhniance atort; ///<’ ai’hiiriii'n o Hr/*//// X 

heat X Temperature ahorv O't I'hat is, usiujj; f.yiu!toh-, I hr. luuit, Q, b 
a substance above O'" may be expresse.d by: 


(39) Q - WC7' (heat) 

or by transposing For. (3U), the Uaniua'aturt*, 7’, t)f a :.ub: taiuM* of known 
weight, W, known specific heat, C, and to w Idrli baa addtn! a known 
quantity of heat, Q, will l>c: 


m 


_ Q Quantifif of knit iituirc 

i - W'riykf ,X /uth* 


(tiegrees) 


Now where several different (unnpoiu'ut. snb.data‘t*s ot dilHSHSii specific 
heats and different weights are 'UnixtHr' to form out* **Mdi.stance/’ it 
follows that: 

(41) Q = WiCi'ih + W,C-//b d WaC;i7’a I ‘d*. (M 

Furthermore, it also followw that for the same sievi rid diileivnt sub- 
stances: 

(42) WC - WiCi + WaC^ "b WuC ;5 d rh\ (t hermal capacity) 
Hence, substituting Fors. (41) and ('12) for t heir equiv alents in For. (40), 
there results: 


(43) 


T 


(degrees) 


WiCd/h d" WaC.//7 d 'WiiCF/ki 1 7c. 

WiCi I - WaCa d W^Cb, d dr, 
which is the same as I7)r. (38). 

Example. — If 40 lb. of wtitcr at a temperat.ure «if MUF lb in mixed 
with 21 lb. of water at 52'" F,, w'hat m the t«nnpt*rnttire of the nuxtUTe' 
It is assumed that no heat is gjune<l nr Inst by t lm vehsst*! in wliich tlie 
mixing occurs. Solution. — ^Idie Bpccihc heat <4 wider is ‘‘1-” Now 
substitute in For. (38): T « (WiCiVh d“ WgCFI’al/CWiCi - 
1(40 XIX 160) + (21 X 1 X 52)] -v [{AO X 1) d- C^l X 1,)] 

1,092) ^ (40 d- 21) =« 7,492 01 « 122.82^^ F, 

Example. — block of wrought iron whitdt wtaghs 3.25 lb. Isheatedtfl 
a temperature of 780° E. This hot irotk block in dropped into a eoppe 
pan, which weighs 2 lb. and which contaiim 7.H lln of water. Bothi^' 
water and the pan are at a temperature of 80^ F. What, awummgW;: 


. W'iCd " 

( 6,400 + 
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loss or gain of heat to or from outside sources, will be the final tempera- 
ture of the “mixture”? Solution'. — ^Assume the following specific 
heats: Copper = 0.095. Water = 1. Wrought iron = 0.114. Now 
substitute in For. (38): T = (WiCi^i + + WsCzTz)/(WiCi + 

W 2 C 2 + W 3 C 3 ) = [(3.25 X 0.114 X 780) + (2 X 0.095 X 80) + (7.8 X 

1 X 80)] ^ [(3.25 X 0.114) + (2 X 0.095) -f- (7.8 X 1)] = 111.0° F. 

Example Illustbating How The Tempebature Op A Furnace 
May Be Determined By Applying The “Method Op Mixtures.” — 
A block of v/rought iron which weighs 1 lb. is placed in a furnace and 
permitted to remain there until it attains the temperature of the furnace. 
It is then removed and placed in a copper bucket which contains exactly 

2 lb. of water at a temperature of 75° F. The copper bucket weighs 

lb. The final temperature of the mixture is 156° F. What was the 
temperature of the furnace? (Assume that none of the water is vapor- 
ized into steam and that there is no exterior loss or gain of heat by the 
bucket.) Solution. — ^Use the values for specific heats which are given 
in the preceding example. Now transposing For. (38) for Ti there 
results Ti = [T(WiCi + W 2 C 2 + W 3 C 3 ) - (W 2 C 2 T 2 + ■W 3 C 3 T 3 )]/WiCi. 
Now, substituting the values above given in this formula: Ti = [156 X 
(1 X 0.114 + 0.5 X 0.095 + 2 X 1)- (0.5 X 0.095 X 75 + 2 X 1 X 
75)] (1 X 0.114) = [156 X (0.114 +0.048 + 2) - (3.562 +150)] -i- 

0.114 = [156 X 2.162 - 153.562] 0.114 = [337.272 - 153.562] 

0.114 = 183.71 4- 0.114 = 1,613° F., which is the temperature of the 
iron block when it was dropped into the water, and therefore the tem- 
perature of the furnace. 

96. Heat Energy, When Added To A Substance, May Be 
Expended In Three Ways and in only three ways. (The three 
different kinds of heat were already mentioned in Sec. 54, in 
connection with the three possible effects of heat transfer.) 
The heat energy may be expended in doing: (1) Vibration work. 
(2) Disgregation work. (3) External work. All of the heat 
transferred must be expended in one, two, or all three of these 
ways. Likewise, heat energy when abstracted from a substance 
may be the result of vibration work, disgregation work, or 
external work — any one, two, or all three. Thus, as will be 
shown, the vibration work, disgregation work, and external 
work may be ^'positive or ^^negative,'' depending on whether 
heat energy is added or abstracted and upon the pressure 
conditions during the transfer of heat. In general, the work 
will be positive when heat energy is added and will be negative 
when heat energy is abstracted. These three kinds of work 
are further explained in follpwing sections. 
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li'^XAMPLE.— (a) Im(ujiiic Ihat a pitre <4/ ive, i)u* t Pisi|>enif nre of whichis 
—60° F. (60° F. Ih^Iuw is warnirti by thr ju’joiual otidition of heat. 
The ice is assumed tu Ini heattni iu a ve»el uiu<-h is opeu to the atmos^ 
phcre. Its teiuperature will ris** ^raduaHy up tit r/d F. iHiringtliis 
warmmg, the vohiiue td' the it‘e Is iiuTt*usei| bid slightly. Hence, little 
external work was done by the e\pansian tif tiu* Ivo ngaiiud, the externa] 
atuiosplicric pressure; also, very Htth* work idiriinyatum work) was done 
in separating the molecules witieU tnuuptiSisl (la* itau 'Fhisndorc, nearly 
all of the added heat is 4 ‘xjMuulctl as tut>ratnm wt*rk !<? iurrt‘aHe thotem- 
perature of the ice. 

(6) When the iem/peratiu'e tff thr hw rrarheo d*J" F, (ilu<‘ to the gradual 
heating), a change may ho noted, 'The t«mip«*rat ur<‘ t»i“ ih<* ieci ceases to 
rise as more heat is imparitul tt) it-. It is itmnd, lunveviT, that the ice 
gradually changes from tluj solid to t lie Ii<juiti r tati- it nadts iiiia water; 
the added heat is expended in tlitigirtjtititui work. I hiring t !a‘ entire melt- 
ing process, the temperature of tlu^ mixturt* of ice and watiu* reiaamsat 
the temperature of 32° h\; no vihraiion wortc lias bofii iiime. During 
this change of state, the vtihune (d the subs.tane<‘ has htum changed; 
hence, external work has also been doiu*. How tin* a«!<!ilion of heat 
changes the “ state is explained in Sem 08. 

(c) After all the ice has becti rndfvti^ l,h(‘ furtluu* n<hlitit>n of heat will 
again increaso the teinx)eraturc of the substamai: piow wal(T), which 
requires vihraLion work. The tempcu'at.un*. will inorea; t'! until it reaches 
212° F. During this interval the voluuu; will again ineia^ase hut little; 
little disgregation wo^fc and little cxU rntii work is tione. Hence, nearly all 
of the heat imparted to the watcu- may \w. ."^ai«l to Ik‘ expendtHl in mhralm 
work in increasing the tcnn)era,tur(!! of the watm* as in Co), 

(d) When the temperature of the water rearhes 212“ /*’. (tine to tl 10 con- 
tinued gradual heating) another change is noted. The temperature o( 
the water ceases to rise as more hca,t is imparted to it. It. is found, how- 
ever, that the water gradiuxlly changes fnnn the liquid to t!ie giiseoiis 
state — ^it evaporates into steam. If the emdosing vessel is large enough, 
the steam will he collected above the water surface ami its volume will 
be found to rapidly increaso forcing out t he air wlueh previously occupied 
this space. Finally, all of the water will be (‘.vaporateti into sttnun whose 
temperature is 212° F. The vohano of tlu^ steam will be alKmt 1,600 
times that of the water just hefox'o eviiiKiration besgan. Hence, during 
the change from water at 212° F. to Bieam at 212‘' F., the heat which 
was added did two things: (1) It, by the CKrmndit.ure of disgregation work 
changed the water into steam. (2) It, by tloing external work, drove out 
the air from the enclosing vessel- Hence, the lieat was efftreilve in chang- 
ing the state of the substance and in <loing exicsnuil work but it did rot 
change the temperature of the subBtancc. ’nniparo with (6)*] 

(e) After the water has all been evaporated into steam, a further gradual 
addition of heat 'will again do vibration work and thereby increase the 
temperature of the substance (now steam). The voluma of the steam 
will at the same time increase quite rapidly and by doing teof^ 
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force out more air from tlie containing vessel. The molecules of steam 
are separated somewhat so that, in a sense, there is a change of state-^an 
expenditure of disgregation work — ^but this change is not as pronounced 
as those in (5) and (d) above. Hence, the addition of heat to the evapo- 
rated steam is effective in (1) Doing vibration work in increasing its tem- 
perature. (2) Doing disgregation work in changing its state. (3) Doing 
external work. 

(/) After the steam is heated to some very-high temperature, it will again 
be found that further gradual addition of heat will not increase its tem- 
perature. There is still another change of state.” Now the atoms of 
which the steam molecules are composed (hydrogen and oxygen atoms) 
will be separated. In other words, the steam will, by the expenditure of 
disgregation work, be dissociated into hydrogen and oxygen. Hence, the 
change may be called a chemical change. The temperature at which 
this dissociation takes place is, however, so high that it is uncommon in 
heat engineering. Furthermore, the study of dissociation is beyond the 
scope of this book and will not be further treated herein. It is mentioned 
here simply to show that there is change of state which even some gaseous 
substances may undergo when heated. 

97. Vibration Work, symbol Wv, is the work (which can be 
measured in foot-pounds but is most conveniently measured in 
B.t.u.) which is done by the vibration heat (Sec. 54). It is 
the work which is done by added vibration heat on the mole- 
cules of a substance in increasing their kinetic energy — vibra- 
tional velocity — and, thus in increasing the temperature of 
the substance. Or similarly it is the work which is done by 
subtracted vibration heat, in decreasing temperature. Thus, 
when the temperature of a substance is decreased, the mole- 
cules of the substance give up a portion of their kinetic energy 
— hence, '^negative’' vibration work is done. Vibration heat 
is, therefore, also called temperature heat, thermometer heat, 
and sensible heat (because it is the heat which affects the s.ense 
of touch) . A formula for vibration work may be written thus : 

(44) Wy ^ 778Qf (foot-pounds) 

Wherein: Wy the vibration work, in foot-pounds Qf = the 
vibration heat, in B.t.u. 778 == the mechanical equivalent of 
heat (Sec. 82). Wv and Qf are both positive when the tem- 
perature of a substance is raised and are both negative when 
the temperature is decreased. 

Example. — A gas is confined in a closed vessel (Fig. 98) which is pro- 
tected (insulated) so that no heat can pass through the walls of the vessel. 
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P/MrV’/r \ i~ HMAT 


[Dry, 4 


A wire is led into the vossel i'uiti mu fU't'fru* currml. i;; Ihroughtlie 

wire. A transforinat-ion oT lie ioto Itmf rtirre,y Inkes place 

and 50 B.t.n. arc given to Uie ga.*-?. I'i tin* dtM-s not pmuib tlie 

gas to expaiitl, how nmcli vihration v.ork is done? 

BohirnoM.- Sineo 4 ho g/ao tnuinol e\|ia!u!, tlie 
iien,t eiitn-gy eanntii do diry,rogai ion work nor ex* 
t(’;rn;il work. Uonta*. ifw onliro dll li.t.u. is ex* 
peii<ic‘d as vil>rnliou work.. By tor. (.M): tke 
vlhration irtuic U e VVSQr VTS X 50® 

idxAMn.n.- As :i pitas* th' irtos h periniitod to 
cool from hUO" h*. Itt sn t'., if i:: I'nuiu! that 250 
B.t.ti, are givtm np Ity the into. How mtudi vilira* 
tioii work is dttneV sort tioN 
pcratiire has Iumsi rtshie «1, 
negative. Qr *ddd 

(44): Wv ■ ^ 77KQv' ' T7S r: ( 


.'Elecfnc Leads^^ 


I i' ' i: 


1 ' ; 
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Fia. 98 . — A gas being fL--lb. 


Sima* (Jus tem- 
aiui ll'r ar«,5 botli 
Ikt.n. ami, l>y For. 
^ ‘idOj . 194,500 


heated in a closed vessel NoTK.-”-"VlHUA'rH *N WoicH (hi \' ifikA'nON Heat 
whore it cannot expand. Um Diui-U'TLY MKASrmot tmlv whiUl tllC 

dote. suhstiiiico wliich iM h-.-Mva ,H- is so confined 

that it cannot, taxpantl t»r ct>n( nu*t, as in tlie 
preceding example. With most r.olitk; and litjuid.:, houtwer, llic expan- 
sion or contraction due to heating or (uudintr, bp in any so snuill that 
only a negligible error resuKs hy atsuming that, alt Imat added or 
abstracted is efl'ecUvc as vihral.ion lu‘at. Ihaua*, for :‘olid." aiul litpiids 
when no change of state occurK, it is pra«dicnU\' I run {h;d ia at <uhlvtl = 
vibration heat. For methods of acuairatcly dc( ormiiiine; vihrat inn heat, 
see Sec. 102. 


98. Disgregation Work, symbol llbi, is ilu^ work which is 
done by the disgregation heat (Sc'c. h*!). It is ihet work whicli 
is done by added heat on the inoh'cniles of a. substance in over- 
coming their mutnal attractive foretxs hi incndising their 
potential energy by separating tlunu adul, t.lms, in changing 
the state (Sec. 49) of the substance; this is callc^d po.-^itivc” 
disgregation work. When heat is given np I)y a sulKstaiice 
during a change of state, this lieat is always tln^ rcpsult of the 
work done by the molecules of the substance' in drawing each 
other closer together— in doing dd; yp’eyaiion work 

A foianula for disgregation woi'k follows: 

(45) ■ TF^ «= 778Qj^ (foot-pounds) 

Wherein: Wd = the disgregation work, in ruof.-poniuls. Qb 
= the disgregation heat, in B.t.u. 778 » tlie mcohanioai 
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equivalent of heat (Sec. 82). Wd and Qd are both positive 
when the state is changed from solid to liquid or liquid to 
gaseous. They are both negative when the state is changed 
from liquid to solid or gaseous to liquid. 


Temperature Remains 
f\j^--Con$tanf‘- 


Example. — Assume that there was a liquid which did not expand nor 
contract in freezing. (Actually, all liquids do either one or the other.) 
Imagine further that it takes 100 B.t.u. to melt 1 lb. of this substance 
from the solid to the liquid state 
(Fig. 99). How much disgregation 
work is done in melting 1 lb. of this 
substance ? Solution. — Since the 

temperature of a substance does not 
change during the melting, no vibra- 
tion work is done. Also, since the 
substance does not expand or con- 
tract, no external work is done. 

Hence, the entire 100 B.t.u. is effec- 
tive in doing disgregation work. By 
For. (45) : the disgregation work ~ Wd Fia. 90. — Melting 1 lb. of a substance. 
-=778Qi)= 778 X 100 = 77,800 /i.-Zh 

Example. — How much disgregation work is done in freezing 1 lb. of 
the substance of the preceding example? Solution. — During freezing, 
Qd and Wd are both negative. Hence, Qd == —100 B.t.u., and by For. 
(45): Wd = 778Qd = 778 X (-100) = -77,800 /Z.-Z&. 

Note. — The Disgregation Work Or Disgregation Heat Can Be 
Measured Directly only if the heated substance does not expand or 
contract during a change of state. In practically all oases, the- disgrega- 
tion work or disgregation heat is not measured directly but is computed, 
as will be explained, from other heat measurements. 
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99. External Work, symbol Wbj is the work (usually mea- 
sured most conveniently in foot-pounds) which is done by the 
external-work heat (Sec. 54). It is the work done by the 
substance in expanding (Fig. 86) against restricting forces; 
if a body is heated in the atmosphere then the restricting 
forces are those which are imposed on the body by the atmos- 
pheric pressure — the body must push away the atmosphere. 
It thus does positive external work. If, however, during a 
heat transfer the volume of the body is decreased, then the 
external forces help to heat the body and '^negative” external 
work is done. A formula for external work follows : 

(46) We = 778Qd (foot-pounds) 

Wherein: We == the external work done, in foot-pounds. 
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Phfon Is Wif-hiframf 
By Art Exterm! Foret ^ « 


Qjj = the extcrrial-wO'rk in Ihtni. 7TS the meohani. 

cal e(|ui vah'tit- of heat (Kch‘. S2). II r ami Qi,, art* lioili positive 
when the volume of the sulisiamn* is ion-.-'a. t-,I; tliey are bott 
negative when tlie volunu^ is di‘ereHsevl. 

Example.— A smiiue that a pyiiinUT (Mil KKo ruiiUuHH 1 tm.fiofgffl 
at a certain iemixa'alurt' ami pra^-Mire anti that llu* v\ Hutit‘r is fitted "witli 

n piafou. Aftsunu*, h.irtlier, that lieat ' 

SHsuppheti tt» thi* p.as anti the piston 
is jH*rnutttal to n»ov«’ out, of tliocylin- 
tltu* at. atit'lt a ratt* that, the tempera' 
turi* of (ho «lor.; not eluingo. It 
tuny liort? ho naHUiooti (it. isi'jrovedin 
St‘i*. "JiAs} th;tt for a llie diegrega- 
t-ion work is y.oro, .ff 10 B.t.u. are 
iuipartoii to iho j»;a!4, how umch ex- 
tt*rnai work dooj'S tia* ga**^ ho in ) 
ing out tho piston? StuajTm- 
Simre tho toinprrattin* nunaina con- 
Htnnt, no viltrnfifm work is done i 
jdma% as fdntotl in the (‘xiimple, no 
diH}.!;ro|^nt ion work is lioiio, all of tk 
iinpnrttMi iu'at. must. Ite t‘xiornal work 
hoat. Iloma*, hy For. (dh) U/rc external 
work ^ Wb = 778Qii? «« 778 X 10 7,7HO//.»//o 

Note. — External Work Ik (Ah Furthkh FxpL\rNKi) In Folu)W’ing 
Sec. 263) Usually Detekminkl FH<aM 'Fim FRKo.soim-voLnMK Kela- 
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l“Hea + i n g 


U-Hea + «ng 
Ends ^ 


Begins 

Tio. 100. — Hcatinffi a gas and main 
taining a constant tomporatur<!i. 


TioNS During The Audition Op Hkat-"'- if tln^ hiuly in subjected to a 

constant pressure diirinp; the hoaiiniL th<;n (hoc See* 2thi for the derivation 
of this formula) : 

(47) External work «« prenmre X rhmttje in vtihmw 
Or, expressing tlie same thing with aymUdK; 

(48) ■^13 - /> X (Fa -- Vh) (fUb.) 

Wherein; Wxs = the external work, in f<»ot -poimdH. I* > piwHuro, in 
pounds per square foot. Fa and Ft 
= the final and initial volumes, rc- 
speetively, of the body, in cubic ft‘.et. j Aowr 

If, during the heating, the pressure i 
is not constant, then i^ \ A > 

(49) External work — average jmssure 

X change in volume (ft. -lb.) 

Or the external work may be found ir,„. loj.-An e*p.n.UnB rod m»y do 
airectly from a pressure-volum© dia- work, 

gram as explained in Sec. 262. 

Example. — T he weight W (Mg. 101) weighs 10 n>. 'riio (UHtanco,!, 
through which the weight has been lifted by the <:xt):.nwtm of the ooBpa 




Sec. 100] 


HEAT MEASUREMENT 


89 


rod, is 0.02 in. Therefore, ’ the work done — the energy expended — hy the 
external heat which has manifested itself in expanding the rod — 10 X 
0.02 = 0.2 in.-lh. 


100. If The Quantity Of Heat Which Is Transformed Into 
Mechanical Energy By The Expansion Of A Solid Or Liquid 
Were Restrained From Such Transformation, the heat would 
then expend its energy solely in raising the temperature. 
Thus it would manifest itself solely as vibration or sensible 
heat — ^instead of as external-work heat as in Fig. 101. 


Explanation. — Imagine an iron rod (Fig. 102) to be encased in a 
massive steel die, and to be heated by an electric current. The rod would 


tend to expand. But expansion 
would be prevented, in all direc- 
tions, by the steel die. Hence, no 
external (mechanical) work could 
or would be done. No external- 
work heat could be expended. 
But the heat which would be 
transformed into mechanical work, 
if the rod were free to expand, 
would, nevertheless, manifest itself 
as vibration work in raising the 
temperature of the constrained 
rod. Hence, the temperature of 
this embedded rod would be 
higher than it would be if the rod 



Fia. 102. — Imaginary construction of 
steel dies for preventing expansion of 
iron rod. 

were free to expand. 


101. The Fundamental Heat Transfer Equation is merely 
a formula expressing the facts of Sec. 54. It may be written : 

(50) Q = Qv+Qn + Q^ (British thermal units) 


Wherein : Q = the total heat transfer, in British thermal units. 
Qy = change in vibration heat, in British thermal units. 
Qjd = change in disgregation heat, in British thermal units. 
Qe — external-work heat, in British thermal units. 

If the heat effects are to be expressed in foot-pounds it 
follows that, since 1 B.t.u. = 778 ftAb, (Sec. 82), the formula 
will become : 

(51) Q — =^(TFy + Wd ^ We) (British thermal units) 

77o 

Example. — A certain weight of a certain liquid substance is changed, 
by heating, into a vapor, at an increased temperature. To effect the 
change it is found that: 140 B.t.u. is expended in the external work 



90 piLicr/<\4L //7*;4r Pm-i 

which is done by tlio su!mfnnc«% during *ho shie to the mcreased 

volume of the siil>stan€e; 3ti0 H.t.u, is v\|H'mh*d in riii^hig the temperature 
of the Bubstunce; 1,800 is expomlrd in elmnj^in^ |Ih‘ Btitteoftlie 

substance from a li('|ui<i to a gas, Wbni fMfnI arnouid of liaat nmstbe 
transferred to the mibsliuice to t'fToct the eb.nii|.'o? So LU'riON.— Sub- 
stituting in For, (50): Q Qr -f Qn I 1 l.KOU +140 = 

2,300 BJ,u. — Total hvat travnft'md, 

ExAMimiu.— It. iH found, !w e?c|>erinHUtt , to require 1,150.4 B.t.u. to 
raise the temperature of t lb. t»f water from 32" h\ to 212'' F. and evapo- 
rate it into steam wlieu all llu‘ beat tug in done in an i>pen veasel (atraos- 
l^heric p>ressuro). Tire final volunu* of tbi‘ evaporated atenm ih 2tL79cu. 
ft. The initial volume of the water at 32 F. wan a|»proximately O.OlBcu. 
ft. What is the vibration he.ai, diHgn*ga{ion la*at, am! extcnial-work 
heat? Solution.— “B y definition t>f the Brit mb lliermal unit, 180 B.iu. 
are required to raise tlie temimrature fnun 32 ' F. to 2F2'' !»'. By tbe 
example under Sec. 96, this may be, taken iw luhratinn hmt. By for. 

(48): Wm - F X (F2 - F,) -■ (.M.T X M U X C2d.70 O.OHl) - 50,650 

ft.4b. Now, by For. (46), iramspnatMl : thv rstcrrusl-arurk hvat « Qjj * 
4F^/77S ^ 66,650 778 72.8 li.Lu, Alan, by trans|Hming For. (50): 

Q - (Q^ Q^) « 1,150.5 - (ISO f 72.8) ■ 807.6 

gregation heat. 

102. How The Heat Energy Does Work When A SoHd 

Body Is Heated.— A solid body expands hut lit iU*; thc^ disgrega- 
tion and external works are thendon^ small. Wluni the vibra- 
tion work is being considonHl, the dh .e.rt-yal ion work and the 
external work may ordinarily be Whem a solid 

body is heated, as for example a piece of iron, It is therefore, 
generally assumed that all of the heat is ustnl in raising the 
temperature. Or, when a solid is heated : 

( 62 ) Q == Qr (very nearly) (British thermal units) 

103. How The Heat Energy Does Work When A Solid Is 
Melted To The Liquid State.— During tht^ mcdling of a solid 
body there is no change in its teinp(*r;t(,uro; hemee, no vibration 
work is done during the melting. Furthermore, when a 
body melts there is usually only a very small change in volume 
although some bodies expand and others contract as they melt. 
Hence, very little external work is usually done by the body 
in melting. Nearly all of the added heat is used in doing 
disgregation work — in overcoming the mutual attractive 
forces between the molecules and giving them the freedom 
which: they have in the liquid state. Therefore, if the small 
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amount of external work is neglected; all of the added heat 
(the latent heat of melting, Sec. 106) is effective in doing 
disgregation work ; or, expressed as a formula : 

(53) Q = Qi) (very nearly) (British thermal units) 

Note. — ^When A Liquid Is Heated, the conditions are almost the same 
as when a solid is heated — expansion is very small, usually, and the 
disgregation and external works may ordinarily be neglected when the 
vibration work is being considered. Hence, For. (52) applies equally 
well to the heating of solids and liquids. 

104. How The Heat Energy Does Work When A Liquid Is 
Vaporized. — As there is no change in temperature while a 
liquid is being vaporized, no vibration work is done. Now 
during vaporization the volume of the substance is increased 
many fold; therefore a considerable quantity of external work 
is done. However, by far the greater fraction of the latent 
heat of vaporization is used in doing disgregation work — in 
separating the molecules against their mutual attractive 
forces. During vaporization, therefore, 

(54) Q = Qd + (British thermal units) 

105. How The Heat Energy Does Work When A Gas Is 
Heated. — In a gas the molecules are so far apart in comparison 
to their own size that the attraction of one for the other is so 
small that it is inappreciable. Hence, practically no work is 
necessary to separate them farther. Therefore the disgrega- 
tion work is zero and the formula becomes: 

(55) Q = Qf + Qe (British thermal units) 

Note. — The Relative Magnitudes Of The Vibration And Exter- 
nal-work Heats Depends On the conditions under which the gas is 
heated, this is further explained in Div. 8. Suppose that the air in a 
cylinder is being heated (Fig. 100). The piston may be held in one position 
during the heating; then no external work will be done and Qe will be 
zero (because the air cannot expand and do external work) and all of 
the heat must then go toward raising, the temperature. Or, the piston 
may be raised by an external force at such a rate that the temperature 
will decrease, due to expansion, just as fast as it tends to rise due to the 
heating; under such conditions the temperature will remain constant 
(Qv =0) and all of the heat will be expended in doing external work. 

106. Latent Heat is the heat energy which is required to 
produce changes in the physical state (Sec. 49) of a substance — 
to change it from solid to liquid, from liquid to gas, or the 
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reverse of either. Thtis, fin* elutiigi' |»ii\'si*-al si aie maybe 
either a meltiop:, free/aiiji!:, \ ;»-v fionh orcon- 
donsation* Diiriog melting anil va|Mtri/,at i*m, liaui mast be 

supplied to the suhstanet'; tiuring frei^zing am! et-airt-nsalion 
heat must be abstraetiai from it, i'htrt !i<a'more, I lie amount 
of heat which must be supplhal timing the m«iting of a given 
weight of a substance is iht* sunn* as that whiiii must be 
abstracted while it freezes uiuhn* tin* aanas eiuiditions. The 
amount of latent heat retiuiretl for melting to* frtM^zing is 
called the latent heat of 7nvliinfj <»r tin* laivni !n'at af fumi 
Likewise, during the vapoti/.at I' .n of a eertain wtighi of a 
substance the same amount of ln*:d< must la* :• upplicMl as must 
be abstracted from it in (‘omlen-ing it., Tlie amoimi nf lieat 
which must be transferred to or from a sub: tanee during its 
vaporization or condensation is <!alle<i t lu* latrjit livat of vaporm 
tion or the latent heat of orajHirathn^, 

Note. — The Latent Heat Is 'riiK Si'm < >f 'riu: I n.'^osaasATioN- A nd 
Exteenal-wouk I'tEATs.— 'riiiH folb»\vs i'nna <ii<‘ t’afl ItuU, during a 
change of state (under coimiaut pressure), tin* f mipFrat mi* of a sut.stunce 
does not change. Hence, no vihratiou heat is laaaa : la-.v to elTcct the 
change and 

(56) Ql ^ ' Qti { { lUat i-h t hormal units) 

Wherein; =* thclatent heat of tht5 suPstaiuaa in Brit i; .!i l!a*rina! units. 
Qp =5 the disgregation heat during a const ant -pON^sun; clutngc* of Htute, 
in British thermal units. Q/? f ■ the extt‘rnaBwtn-k heat during the 
constant-pressure change of states iti British tliennal units. 

Explanation. — S uppose a solid suhHtanr<\ as an ingot t>f lend, is 
heated until its temperature rises (exactly to the luidtiug point. The 
heat absorbed by the substance up to ihis point inco’uaeH the* mntbaof 
the molecules and is called (Bee. fB) vilirntion or scnsifdc heat. 

Now, if more heat bo added to the ingot, it will instantly begin to melt. 
But its temperature will not rise. The heat winch is now ahsmhed 

by the ingot is expended entirely in the work of imdting in transforming 
the molecular structure from the solid to tlu^ Ihjuid state. It is illsgrega- 
tion heat. None of the heat is available for raining the iennperature 

while the work of melting is going on- it is all lined in separating 

molecules. Hence the temperature will eoniirme eoimt.ant nob! i Ijc, injsijt 
is wholly melted. But at the exact instant when the inelt.ing is complete, 
the ^temperature of the molten load will, if the lieating still contiimw, 
begin to rise. The heat which was absorliod l>y t.he lead wlitle its tem- 
perature remained stationary is its latent heat of melting. The latent 
heat of melting is further explained in Beo, 289 and tlie latent heat of 
vaporization in Sec. 322. 
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Example. — What is the latent heat of vaporization of 1 lb. of water at 
atmospheric pressure? Solution. — By the example under Sec. 101, 
Qjd = 897.6 B.t.u. and Qe = 72.8 B.t.u. Hence, by For. (56 ) the 
latent heat = Ql = Qi> + Qjg = 897.6 d- 72.8 = 970.4 BAu, 

Note. — ^Latent Heat Mat Exist Within A Heated Substance, 
Even When Thebe Is No Outward Manifestation Op A Physical 
Change in the substance. The latent heat present in such cases will not, 
however, manifest itself until a change in state occurs. Thus, water at 
ordinary atmospheric ' temperatures contains its latent heat of melting 
but this latent heat does not manifest itself (show its presence) until the 
water is cooled to the freezing point and begins to solidify or freeze. 

107, “Internal Heat” Or “Intrinsic Heat” is the heat 
energy which is expended in doing work on the molecules 
both in increasing their vibrational velocity — kinetic heat 
energy — and in separating them against their forces of mutual 
attraction — increasing their potential heat energy (Sec. 52). 
It is the heat inside the substance. It does not include the 
heat energy which is expended in separating the molecules 
against external forces — in doing external work. Hence, 
during any heat transfer to or from a substance, the change in 
internal heat : 

(57) Qj = Qv + Qd (British thermal units) 

(58) Q = Qi Qe (British thermal units) 

Wherein: Qj — the change in internal heat, in British thermal 
units. Qf = the change in vibration heat, in British thermal 
units. Qd — the change in disgregation heat, in British thermal 
units. Q = the total heat transfer, in British thermal units . 
Qe — the change in external-work heat, in British thermal units. 

Example, — How much internal heat is expended in changing 1 lb. of 
water from the liquid state at 32° F. to the steam state at 212° F.? 
Solution. — By the example under Sec. 101, Qv = ISO B.t.u. and Qd = 
897.6 B.t.u. Hence, by For. (57): the change in internal heat = Qj = 
Qv + Qd == 180 + 897.6 = 1,077.6 B.t.u, 

108. The Total Heat Of A Substance, or as it is often termed, 
the total associated heat, is, strictly speaking, the total heat 
energy, in the substance above the absolute zero of tempera- 
ture. Actually, in practice, total heat” is, unless otherwise 
specified, taken to mean the total heat in the substance above 
some arbitrarily -chosen convenient reference temperature. 

Note. — ^With present means for making heat determinations it is 
impossible to definitely comnute the total-heat contents of substances 
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20. Wiiat is meant by disgTegation work? The heat which does disgregation work is 
how termed? Give an example of heat doing disgregation work. Give the formula. 
How is disgregation work measured? 

21. W^hat is meant by external work? The heat which does external work is how 
termed? Give the formula for external work. How is it generally measured? Give 
an example of heat doing external work. 

22. State the fundamental heat-transfer eQuation. Upon what is it based? Give 
an example of its application. 

23. How does heat energy do work when a solid body is heated? Explain. 

24. .How does heat energy do work when a solid is melted? Explain. 

25. How does heat energy do work when a liquid is heated? Explain. 

26. How does heat energy do work when a liquid is vaporized? Explain. 

27. How does heat energy do work when a gas is heated? Explain. What are the 
relative magnitudes of the two kinds of work? 

28. What is the meaning of the term latent heat? Latent heat of melting? Of fusion? 
Of Daporization? What two kinds of work are done by the latent heat? 

29. What is the meaning of internal heat? What is another name for it? What two 
kinds of work are done by the internal heat? 

30. What is meant by the total heat of a substance? Why is the total heat not usu- 
ally used in engineering calculations? What is used instead? 


PROBLEMS OH DIVISION 4 

1. A bucket containing water is placed over a fire for heating. The temperature of 
the water is 55° F. Its weight is 35 lb. How much heat must be added to it to raise its 
temperature to the boiling point which is 212° F.? 

2. What would be the temperature of 8 lb. of water which had an original tempera- 
ture of 60° F., after 265 B.t.u. of heat has been added to it? 

3. A boiler in a heating system is known to be 50 per cent, efficient. The boiler is 
refilled with water at a temperature of 65° F. After burning the coal which liberates 
50,000 B.t.u., the water has a temperature of 210° F. What is the weight of the water 
in the boiler? 

4. After a certain time, the temperature of 15 liters of water, contained in a closed 
vessel, is found to be decreased 35° C. How many large calories of heat have been lost? 
How many B.t.u.? (A liter of water weighs one kilogram.) 

5. In a certain power plant, it is found by test that an engine is delivering, as avail- 
able work, 12 per cent, of the heat in the coal which is burned If 17 lb. of coal arc 
burned in one hour, what is the amount of energy delivered by the engine per hour? 
What horsepower is the engine delivering? (Assume that the coal contains 14 000 
B.t.u. per lb.) 

6. In a specific-heat determination, 8.75 B.t.u. are added to 4.5 lb. of nickel. It is 

found that the nickel temperature increases from 65 to 83° F. What is the specific heat 
of the nickel? ' 

7. A soft-steel plate which weighs 75 lb. is heated from SO to 1500° F. Assuming 
that the mean specific heat of the steel is 0.115, how many B.t.u. are necessary to effect 
this increase in temperature? 

8. Assuming that the specific heat of cast iron is 0.119, how many foot-pounds of 
energy are required to heat a 125-lb. iron casting from 40 to 180° F.? 

9. In a certain boiler furnace, it is known that for each pound of coal burned, 30 
lb. of air are supphed. This air must be heated from 65° F., and passes up the stack 
at a temperature of 565° P . Assuming that the specific heat of air for this temperature 
range is 0.24, calculate the B.t.u. necessary to heat the air for each pound of coal which 
is burned. 

10. A 6-lb. iron casting has been heated in a furnace to a temperature of 2,300° F. 
It is dropped into a bucket which contains 5 gal. of water at 50° F. What will be the 
temperature of the water in the bucket? (Assume that the specific heat of the iron is 
0.119 and that 1 gal. of water weighs 8 3 lb.) 
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TRANSFER OF HEAT 

109. Heat May Be Transferred. — If one end of a copper 
wire is heated, some of the heat will travel through the wire. 
Shortly the other end will be hot. Heated air, from the 
furnace in the basement of a dwelling, flows (Sec. 137) through 
ducts and registers into the rooms above and produces an 
agreeable warmth on wintry days. In cold weather the house 
cat curls up in front of the open fireplace in order to feel the 
heat which emanates from the fire. 

110. Heat Is Transferred In Three Different Ways. — (1) 
By conduction. (2) By convection. (3) By radiation. Heat 
transfer from one body to another may occur simultaneously 
by one, two, or all three of these methods. 

111. Heat Conduction Is Transfer Of Heat Through The 
Molecules Of A Substance. — Heat has been shown (Sec. 52) 
to be a vibratory motion of the molecules. When heat is 
added to any part of a body, as to one end of a copper bar, the 
molecules in that part vibrate more rapidly. This causes 
them to strike violently against the molecules in the cooler 
part immediately adjacTent. The rapidity of the vibration 
among the molecules in this part is thereby also increased, and 
the part becomes heated. These molecules, in turn, strike 
violently against the molecules in the cooler part next farther 
away from where the heat is added initially. Thus, by suc- 
cessively transmitting the increased speed of vibration, the 
molecules conduct the heat to remote parts of the body, as to 
the opposite end of the copper bar. 

Note. — Conduction Of Heat Occues More Or Less In All 
Substances. — In no case, however, will conduction cause that part of a 
body (A, Fig. 103) which is farthest from the source of heat, H, to acquire 
as high a temperature as the part, F, which receives the heat directly. , In 
fact (Sec. 55) there must be a temperature difierence — or thermal pres- 
sure — between one poiiit and another point, to which heat is conducted, to 
effect the conduction. 
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112. Tiiere Are TwO' Modes Or Forxns Of Conduction.^ 
(1) Internal conduction^ wlunvhy boat i-' ^ {{•(! frouj 

molecule to molecule witliiu a lauly. (2) Exh'nttd ronduciion 
whereby heat is transmitttnl from llie id one body 

to the molecules of anoiluu* InHiy, when tiio two iaMlies arein 
contact. 

ExAMPLT 3 B.“““\Vhea ibe putwiiitni taala nf tin* an'lal rmis (/I, Fig, iq^] 
are heated by tlio fhutio^ //, the free end?^ -I aad ,1 i»f Uu* rod^, duete 



103.^ — The copper wire, which ia n couCucl itt , trnHntuitH llm more nipidly 
than thM*n the afrcl \vir*'». 

internal conduction, likcwiHe bersome lunited. Aa tht* atrial ratlH (Fig, 
103) become heated, some of the hcatt ia abfu»rbe*h due to » 

duotion, by the bits of wax which boiaJ tb<* lepd bnilB to tlti* ohIh. Tliij . 
causes the wax to molt, thus reUaiaiag t,hc trjui bullH, 

The iron boiler tube (Idg. KM) ab.sorb.s hi^nt from thr itof Tk 

heat hows, due to internal condtudion, fn»ta f hr ottU-r to the inner 

.■'.v<v;.7 iC .t’-dl'’,' A'T.ov''*'. >. 





Fm. 104. — Heat conducted tlirough the bfdlcr tuhe (amt tli« hat K»sr» tp thi watt- 


surface of the tube. It pasaoH thence, thujf Ui exfiaiud comliieikm, to 
the water which is in contact with the tube. 

113 . The Factors Which Determine The Total Transfer 01 
Heat By Conduction through a substancu'^ are tliose: (1) Tk 
nature of the substance, (2) Its crosn^secturmd area, (3) Th 
thermal pressure or temperature diJTcn ffcr. (4) The length oj 
time during which the flow oemrs. (5) The kmgih of the Jml 
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path through the substance. Each of these factors is discussed 
further in succeeding sections. 

114. The Nature Of A Substance Affects Its Ability To 
Conduct Heat. — That iSj the molecules of some substances 
transmit the heat-energy motion, from one to another, more 
effectively than do the molecules of certain other substances. 


Examples. — Metals are good heat conductors. Liquids (Fig. 105) 
are poor conductors. Air (Figs. 106 and 107) and other gases are very- 


poor conductors. A perfect vacuum -would 
not conduct at all because there would be 
no molecules in it to transmit the heat- 
energy motion. Some solids, such as wood 
and cork are poor conductors. Wooden 




Fig. 105. Fig. 106. 

Fig. 105. — Showing that water is a poor conductor of heat. (Although the water 
film at the surface is boiling, all four thermometers Ti, and Ti read practically the 

same temperature.) 

Fig, 106. — Sectional elevation of typical “thermos” flask. 


heat insulators (Fig. 108) are sometimes interposed in metallic tea-pot 
handles to prevent the hand-hold from becoming unduly heated.* Cork 
linings and dead-air spaces are arranged in cold-storage-room walls (see 
Sec. 619) to minimize the loss of heat through them. 

Note. — ^Am Is An Impoktant Heat Insulating Material.— Any 
material or structure, which is composed largely of pockets of non- 
circulating air, provides good heat insulation. Hence, feathers, fur, felt, 
cork, magnesia and cellular asbestos are all good heat insulators. Like- 
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Example. — A certain copper rod having a cross-sectional area of 
2 sq. in. conducts 13 B.t.u. of heat in a minute. Then, other conditions 
remaining unchanged, a similar copper rod but of 4 sq. in. sectional 
area would conduct: 2 X 13 = 26 B.t.u. in a minute — twice the sectional 
area, hence twice the conduction. 

116. Heat-flow By Conduction Between Two Points In A 
Substance Varies Directly As The Thermal Pressure, Which 
Is The Temperature Difference, Between Them, other condi- 
tions being the same. Just as there must be a difference of 



Fig. 110. — Difference of pressure causes water to flow through pipe line. (Drop of 
pressure from ^ to .2? is indicated by decreasing heights of fountains. The drop of 
pressure is caused by friction.) 



Fig. 111. — Difference in temperature causes heat to flow through iron bar. (Drop of 
temperature from A to F is indicated by decreasing heights of thermometer mercury 
columns. The drop in temperature is due to thermal resistance. In the above dia- 
gram it is assumed that no heat is lost from AE by radiation. All is conducted from the 
flame through and past E to a colder body.) 


hydraulic pressure (Fig. 110) to cause water to flow in a pipe 
and a difference of electric pressure (voltage) to force electric- 
ity to flow in a wire, so there must be a difference of thermal 
pressure — or temperature — to cause heat (Fig. Ill) to flow in 
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ii au!>stance., The flow Ls ahvays fr*Hn h puinl of iount 
of lower teiuijeraitire, 

KxAWPLK.’“-”A.ssuuie in Im- Hi* Oy trjuorr.itiir^* iti liisgS®!, 

iuul that at (/ m *S0''‘ F. 'riuau tht* !!•?« i'v».sit .1 to /i wuuWbepfQ, 
portumal to; 85 — HO • ■ 5" F. ihcr^n'iil pr*' ■■.ui'f- ifipfraium 

ettce, Fuppime that, witli thia thmanl pn* ■nn* i»{ h'‘ F„, t ha htiat floi? 

from B to € in 50 Iht.n, par min. Xo%v , if iho Oanparature at li wte 
incrnaHotl iu ami that ui < ' rmnnim-O at i \ t ht* t horrual pre.sHurowoiili! 
then be 90 — SO 10’*. Henm\ willi tin* thiamal , oire t him dcmblet 

the heat flow wouiO alao bi^ thaiblotl ami vi.uiih| nuw Inr, 2X50a 
100 B.Lu. per nun, 

117. Heat-jfiow By Conduction Between Two Points In It 

Substance Varies Directly As The Lengtli Of Time During 
WMcli The Flow Occurs, oilmr fondit ions the same. 

The greater the cla|)sed tinu^ tlu^ gn^aior will he the total 
amount of licafc which is transfomni. 

ExAAtPLE, — If 40,000 H.t.u. How from ilot out:h«h* b> Uio iimideofa 
cold-storage chamber iu 1 hr., thou, in ‘J hr. tuiia* tia* hrut ox, 2X 
40,000 « 80,000 B.t,u. will Ikj traiiHiVrnMh h b<4ng avMumtnl Ihuttcni- 
peratare and all other corniitioriH an* llu‘ .s;nm* lu both mtMOH. 

118. Heat-how By Conduction Between Two Points In A 
Substance Varies Inversely As The Length Or Distance 
Between The Points, other contiitinim being Urn same. 
The ideal condition, of no lovss of heat from the Hulxstanceby 
either radiation or convection, m Inuxs assumed, ddio greater 
the distance the less will be the flow, other eonditious being 
equal. 

Example. — I f in Eig. Ill with a Uauperaiure ditTereuee of 10® F. 
between A and C, the heat flew between .1 and 0' in 000 BJ.n. permk, 
then between A and JH, which iu twice tho distiince a UF tliflereuce wouM 
^force only 600 s- 2 == 300 B.t.u. per mim 

119. “Thermal Conductance’^ is a term used to signify th 
ease or readiness with which a Bubstance conducts heat. 
Conductance is, in a sense, the opposdr. (actually it is tk 
reciprocal) of thermal resistance, which is ckdlned in Sec. 120. 
The greater the conductance of a substance the more readily 
will it transfer heat by conduction. All substances do not 
conduct heat with equal facility, 

ExAMpLEs.yThe conductance of some substanoes, as silver (see 
125) is very high. That of others, as asbestos, is very low. I'he 
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are called good heat conductors^ The latter are called poor heat conductors 
or heat insulators. The copper rod of Fig. 103 is a good conductor. The 
steel rod is, by comparison, a poor conductor. Therefore, the heat travels 


Copper wire Ootuie-,^ 



Fia. 112. — Gas burning below 
copper-wire-gatize screen. The gauze 
conducts the heat away from the 
flame, thus extinguishing the flame 
before it can pass through the gauze. 




Fig. 113. — Gas burning above 
iron-wire gauze. 



Fig. 114. — Wire gauze prevents the 
hot flame from touching the glass. It 
distributes the heat, hence the glass 
flask does not break. 

more, rapidly through the copper than through the steel. This is indi- 
cated by the melting of the gobs of wax on the copper rod before the 
melting of the wax on the steel rod occurs. 

Example. — ^The copper-wire-gauze screen of Fig. 1 12 has high thermal 
conductance. Therefore the heat, which is absorbed by the central area 


Fig. 115. — Miners’ safety lamps of 
primitive Davy and Clanny types. 
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which is directly in contnct th** ra|iitlly outwad 

through the sumnimling aruu, ti» th** odm'.-* th*> afr«a‘u. Hence, the 
central area does not rcstain Huthcient. boat the gaa which pens- 

tratos above the screein An iro!i'Ovir<»'Hun/«‘ .‘u-naai U'lg. n:i}has,b| 
comparison with the copper acreou 4tr ¥m, i»oMr r*mihu:;bince. It 

follows that the heat ahK<»rbed by its area uldeh ir. in eon iiici with the 
flame is tranHinittcd hut shwly thrmndi the '■■urronridinir, ama. Hence, 
the central area retains .suflUntmt, boat, 
to auicklv ignite the gas which pmmtra1«*>; ^ ^ •' 



Fio. 116. — Sectional olovation of Davy Ijhuju Fiti. U Hrv«'nt bonneted pat* 
(Bureau of Minos Circular No. 12.) t»*rn itlanuy-tyiiclamp* (b'l* 

of Minm t 'irnula** No. 12.) 

Examples.' — ^Buc to its high condnetanct^, the copper nerettm (Fig- Ih 
distributes the heat of the gas flame over a eoujonrai i vely large aw 
beneath the glass flask. Cracking ot the glaas* by conctsid rathm of the 
heat is, thereby, prevented. Duo to the high heat conductance {H 
112) of the metal of which thoy are made, t!m wire-gauKO screens (!%■ 
115, 116 and 117) which surround the flames in inincrH' lamps prevent 
. ignition of explosive gases in mines. 

Note. — Thermal CoNotrcTANCE In Heat Flow In Sombwbw 
Analogohs To Electrical Conductance In Ei.«<:rriiirrry Fnow.-*In 
fact it is generally true that substance# wldcli are good conduotqrsoi 
electricity are also good conductors of heat. 

Note. — ^I p The Nature Of A Subbtanoe Is Bucjh That The Vib» 
TORT Motion Op The Molecule# In That Part Of A SunsMci 
Which Is At The Higher Temperature, Is Transmiwed VVrrii 0 he« 
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Rapidity to tlie molecules in the cooler portions, then the conductance 
of the substance is high. But if the transmission proceeds sluggishly, 
then the conductance is low. 

120. A Unit Of Thermal Conductance Is The “Moht” 
(pronounced, mote). A body has a conductance of 1 moht 
when a thermal pressure — or a temperature difference — of 
1° F. will force through it by conduction 1 B,t.u. per hr. The 
moht is somewhat analogous to the 
^‘mho,” which is the unit of elec- 
trical conductance. In* following 
sections it is explained how the 
conductance, in mohts, of a given 
volume of a given material may be 
computed. 

Note. — Is Mebedy “Thom” 

Spelled Backwaeds. The “thorn” is 
a unit of thermal resistance as is explained 
in Sec. 132. Since conductance is the ^^Q* ns. — Illustrating the “moht.” 
reciprocal — or in a sense the opposite — • 
of resistance, the derivation of the terminology is apparent. 

Example. — In Fig. 118 the conductance of the material between 
planes A and B is just 1 moht because it permits just 1 B.t.u. of heat 
energy to flow per hour with the thermal pressure of 1° F. This satisfies 
the definition of the moht. 

Example. — Fig. 119 shows some values of conductance of a square- 
foot-inch (1 in. thick and 1 ft. square) of some common substances. Fig. 
120 shows similar values for an inch-cube. These data are taken directly 
from Table 125. 

121. To Compute The Total Heat-energy Flow Through A 
Substance By Conduction When Its Conductance, In Mohts, 
And The Thermal Pressure Are Known, it is merely necessary 
to substitute in the following formula, the derivation of 
which wiU be obvious from a consideration of the preceding 
definitions : 

(59) Heat flow = {Conductance) X {Thermal Pressure) 
Or, substituting for the above their equivalents as herein- 
before defined : 

(60) B.t.u. per hour = B(T 2 - Ti) 

Then, if Q = total quantity of heat which flows, in B.t.u., 
it is apparent that: 

(61) Q = Bt{T 2 - TO (B.t.u.) 
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Wlierem: t “ tiints in lutur?^. during, \Usirh the* lu^at flow takes 

|>Iacn» T% 1 ’ • K ! I !• -r: f ; i' ■ iHi lint « 'i M I if} ( h •*/' n hVhreiihgii 
Ti ~ 'knu|)i*ratur(* <>n <‘uhl oroJ, in dfirTsa-:-. V- !, ^ n’-.i'i!. g. 

tllC i‘oiu|iiri ri iir-;*, ill Ululits, 


KxiiMi*i»K.”-"~A Hliiiiuf cuppt'r h,. iu, tl^rL niul I 
tanco of 4,200 nsohin* Olu-n if iho t* f.-iifi'Mi nr** i. 
42*'* K. atul that ou tlio othor ia IT t'.. ih^' v>fn! hi 
in 2>2 hn - Q BfCl’s ' ‘/hi h 2«}0 ■* ;f 1 ■ 
2.5 X 5 52,5(M} HJ.u. 

N'oTK."'*By tran.spcKsii^s l-Mr. (t**i • flit**-.' • 


ItiHaeaiuki;, 
‘au» ,; OlOHlnliis 

ij'farh Jh‘!r4 ihrmifjk^ 
hf -UOOX 


(62) 

B 

tiT^ /** 

(innlite) 

axid 




(63) 

cn - TO 

Q 
t B 


also 




(64) 

t 

0 

B(72 7M 

(litnirs! 


Exampx.b. — W hat is the conOuelaiMu* of tin* har of 1 1 1 1 if, when lb 

toinperaturo at A is 800*" K mid that at /T i;= 2.Ms h.. th.* Ini A iHiitwliid! 
Hows from A to E in J4, in. is l,HKI B.f.u.V Smu n«i\, Svilwtilutc*. in 
B'or. (62): B « Q/[i (T’a ~ TO] l,nH) : [o.;M :MI 0 25C01 -1,1(10 
0.25 X 550 « 8 mohls, 

Exami>le. — V^ hat thermal presHuri; or tent|H*r;i<tiri‘ iliriVrtiin^ will, in 


Woocf Ashes "0,5 Mhot 
Pine Wood •* f MiMf 


Ftrebnck - ,9 Mhoh; 

, Marble * 21 Mhota 
■Aluminum -lOSO Mhots 
I Copper ‘_2IOO Mhots 



hr., f(»r<’e iSO,0<HI Ivtai. Ihvoash a 
boily \vlu«*h I'k.aa a aucit of 200 

mohl.H? SotaniuM Sul !:4i lute in For. 
(02): (7h Tt) QA U ■ ISO, WO ^ 



fkretJhfi uf fkiyt / Aw 


Fig. 119. — Showing conduotano© 
of some common materials, in 
mohts per aquare-foot-inoh. 


Fw, 120 ."— BIjowIoh: ia 

mohtK par inrh»cyl»«. 


(1.5 X 200) — 180,000 300 « 600® E. 

difference. 


« ihernmi ptemnre lempi^aiw 


122 . '^ermal Conductivity Is Specific Thermal Conduc- 
nee. That is, it is the conductance of a unit block of ito 
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material under consideration, which has a specified length and 
cross-sectional area. Frequently, in heat computations, the 
conductance of a slab of the material (Fig. 119) which has a sec- 
tional area of 1 sq. ft. and a thickness of 1 in., is taken as the 
conductivity of the material. In such cases the conductivity 
is expressed in mohts per square-foot-inch. The symbol K 
will be used herein to express conductivity. 

Note. — Sometimes It Is More Convenient To Use Condtjctivi- 
TiEs Which Are Expressed In Mohts Per Inch-cube (Fig. 120). In 
any case, it is always necessary to specify the volume unit which is 
implied when a conductivity value is stated. How these conductivity 
values are applied in computations is explained in following examples. 

Examples of thermal-conductivity values are given in Table 125 for 
various common metals, heat-insulating materials, liquids and gases. 

123. The Thermal Conductivity Of A Substance Is Not 
Constant But Varies With The Temperature. — Strictly, 
values such as those given in Table 125, relate only to one 
temperature. But they may, without prohibitive error, 
be used through a reasonably wide range. Usually other 
variables will introduce greater errors than this variation in K. 

Example. — The same piece of metal may, under the influence of the 
same temperature difference, conduct heat more readily when at a high 
than when at a low temperature. That is, for some substances, it has 
been found that the value of K changes a certain amount for each change 
in temperature. 

124. To Compute The Value Of At Some Given 

Temperature When Its Value At Some Other Temperature 
Is Known the following formula may be used. Note its 
similarity to For. (96) for computing length of a rod at some 
given temperature when its length at some other temperature 
and its expansion . coefficient are known. The same general 
reasoning applies in each case. 

(65) Kt = Ko (1 + ^T) (conductivity) 

Wherein :Kt = value of K at any desired temperature. Ko = 
the known value of K at some other temperature, k = tem- 
perature coefficient of thermal conductivity^^ — the change in 
value of K for each 1® change in temperature ; see note below for 
some values oi h, T ~ difference between the temperature at 
which K is known and the other temperature at which K is 
desired, in degrees. 
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Notk,— Homk VAi.tJEH Ft»H k \ulh frii»|it‘rattirr;: «‘\piVis‘Hed in deircei 
Fahrtnilmi lire: Aluiuimiiin tf.tHHi.ri, Fra-s, IUIIII 3 , ]^g| 

brass, 0.000, ihinwr, ( 'uNt irun, rUHHi.Kl WrcniglitiroH 

0.000,1. Lead, 0.000,48. 

Example.— A t 02 *'* lA, K.«i fur wnnnOa iron ia kiHuvn liable 125) to tu 
400 inohte per sq.-ft.-iiu What will K'a\ ba* wnnirjO irun, !mata*teii. 
perature of 1H2^’ F.? Solptiux. l-Vutu f!,te pruerilinp, unto, I: In 
wrought iron 0 . 0 (K),L Tla^ mi nrr tiijhnutr IS 2 32 » IIO’ 

F. Now substitute in tlie foriunla: Kr /vo?t f A'f) - 4(K)[1 * 1 . 
(0.000,1 X 150)1 « 4(M) (1 -b O.Olo) 400 X lAHh m}mohkp 
sg.-fiAn. 

126. Table Showing Thermal Conductivities Of Various 
Substances whicli have Ihhui tlcduriuioed by iLXpcrimeni 
There is some (lisng;n.M‘inunt het.wtnui the tiifiVrtuii authorities 
as to these values. Furthcir n*.^earcrh is n(Mu\ssary to insure 
complete agreement, ((iuotvd from varintm auilioritE: 
M = Marks^ Mecjhanioal Hncunkkus' IlAXuiiooK; P = 
PendeFs Electkical KNcaNEEUK’ IL\x!>iukjk, F - Poole’s 
Mining Engineers' IIanouogk; K HMiTusiiNiAN Tables, 
R = Randall's PKAeTtoAL Heat.) 
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Illaterial 

Ranges through which quoted 
values of K are fairly accurate 

Average working con- 
ductivity values (B.t.u. 
per hour forced through 
the volume specified by 
a thermal pressure of 

1° f.) 

Tempera- 
tures, deg. 
Fahr, 

Corresponding 
Range in actual 
values of Ks | 

Ks 

in mohts 
per sq.-ft.- 
in 

Ki 

in mohts 
per inch- 
cube 

Mbtax-s 






Aluminum 

32-500 

E 

966-1,100 

1,050 

7.29 

Brass, yellow 

32-500 

E 

592- 216 

500 

3.47 

Brass, red 

32-500 

E 

713- 416 

600 

4.16 

Copper 

32-500 

E 

2,080-2,050 

2,100 

14.59 

Iron, cast 

32-500 

E 

507- 205 

450 

3.12 

Iron, wrought 

32-500 

S 

418- 398 

400 

2.78 

Lead 

32-500 

E 

242- 234 

240 

1.66 



s 

322 

320 

2.22 

Zinc 


E 

433 

440 

3.05 

Insxtlatinq & Mibcel- 






LANEOTTS 






Air-cell asbestos 

212-572 

S 

0.986-1.45 

1.10 

0.0076 

Asbestos 44 Ib./cu. ft 

-300-32 

M 

1.2 -1.62 

1.5 

0.0104 

Asbestos 29 Ib./cu. ft 

-300-32 

M 

0.654-1.07 

1.0 

0.0069 

Briokdust, course 

32-212 

M 

1.128 

1.13 

0.0078 

Brickwork 

68 

M 

3.42 

3.40 

0.0236 



M 

1.44 

1.40 

0.0097 

Cement 

95-i94 

P 

2.06 -6.29 

4 . 00 

0.0278 

Charcoal, powdered 

32-212 

M 

0.635 

6 . 35 

0.044 

Concrete 

68 

M 

5.22 -5.64 

5.50 

0.038 

Cotton 

32-200 

M 

0.384-0.468 

0.45 

0.0031 

Cork, pulverized 

32-200 

M 

0.252-0.384 

0.30 

0.0021 

Felt 


M 

0.264 

0.26 

0.0018 

Firebrick 

32-2,400 

M 

9.0 

9.0 

0.0625 

Firebrick, powdered 

70-212 

M 

0.815 

0.82 

0.0057 

Glass, crown, window 


M 

7.2 

7.00 

0.0486 

Linoleum 

68 

M 

1.28 

1.25 

0.0087 

Magnesia ! 

70-212 

M 

1.31 

1.30 

0.0090 

Marble 


M 

20.6 

21.00 

0.146 

Mica 


M 

5.28 

5.25 

0 . 0365 

Mill shavings 


M 

0.6 

0.6 

0 . 0042 

Paper 


M 

0.9 

0.9 

0 . 0063 

Porcelain 


M 

7.2 

7.20 

0 . 0500 

Rubber, Para 


M 

1.31 

1 30 

0 0090 

Sand 

68-311 

P 

2.48 -2.51 

2.50 

o’. 0174 

Sawdust 

70-275 

M 

0.444 

0.45 

0.0031 

Scale, boiler 


R 

16.0 

16.00 

0.111 

Slate . 


M 

13 7 

14 00 

0 0972 

Wood ashes 

32-212 

M 

48 ■ 

o'. 50 

o'. 0035 

Wood, oak, to fiber 

68 

M 

1.44 

1.40 

0.0097 

Wood, pine, to fiber 

68 

M 

1.04 

1.00 

0 . 0069 

Wool, sheep 

68-212 

P 

0.365-0.441 

0.40 

0 . 0028 

Wool, mineral 




0.42 

0 . 0029 





Liquids 






Water 


P 

3.5-6 5 

4 50 

0 0312 

Brine 

39 

S 

3.35 

3!30 

o!0229 

Gases 






Ammonia 

32-212 

P 

0 . 133-0 . 206 

0.15 

0.0010 

Air 

32 

M 

0.151 

0.15 

0.0010 
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126. To Compute The Thermal Coiuiiictance Of Aaj 
Volume Of Any Given Siibstauce, it ut** in tin* folicnving 
forimila, the derivation ttf whiidi ia «‘n f m'Iuu : 

(66) B (mob 

and it folio wh that: 

BL 

(67) iVfi — Unniits par hupdidn.) 


or 

A 

Bi, 

(08) 

A'. 

also 

(69) 

L 

B 


(aqimrc‘ feet) 


(t{‘e 


Wherein: B = thennal conchu‘tanetp in a: tb'fintHi in 

preceding Sec. iSO. iCs ilananal <*oiHiurt ivil y . the nub- 
stance, in mohts per s(iua.n‘d<H)( • ir.<-h ; aov Tal hr 1 2r for values. 
A = area of the substance, tak«‘iii at. ripdd aieid**!"' lo I lie direc- 
tion of heat flow, in sqiuire had. L haigfh or lliiekaessof 
the substance, in a direction |)a,rallrl to f hr dirtahion of heat 
flow, in inches. 


Derivation. — As defined in Sec. 120, (h<‘, Hiuht I hr eundurhinco of 
a body which will permit 1 Iht.n. pia’ hour Ir iluw Ihrrujdi whi^nik 
thermal pressure is 1° T. It IniH also hemi explaiof.i fitat IIh* lieut llmv 
through a substance varies: (1) i>mW/// <ih thv err.:.; ami 

115). (2) Inversely as the length (S<aa US). Ni»vv I tn* v:tlut\s in the A's 

column of Table 125 are the conductaiiceK from fma* tr fare, in innliis, of 
slabs, of different substances, 1 sep f{,. in eroas-Hiadirnnl arm and 1 in, 
thick. These values have been dctermiinal by rK|irrinirid.. lllriu',e, it 
follows that if, for any given volume of a certain snlwtanrt^ liaving given 
dimensions, the JCs value for the substaime from d abie I'J I in multiiilicd 
by the sectional area of the volume in sfiuai'e feet and lln^ n^sult tlicn 
divided by its length (thiolmoss) in inches, the r(*HuU. will lie the inoliis 
conductance of that volume when it has tint given dimenHiiaiH. These 
operations are those which are speciflcMl by h’or. (tMt). 

• Example. — What is the thermal conducl-anee in inuIdH, from face to 
face, of a slab of wrought-iron boiler plate whttdi is ,* 2 bn thick and 8 
sq. ft. in area? Soltttxon. — ^ITrom Table 125, Ku b>v wrought iron is 400. 
Now substitute in For. (66) :B « K^A/L 4(>0 X 8 0.5 6,400 mote. 

Note.— Ip Conductivity Values In Mom's Per I ncii-'Cjubb Aeb Us®'» 
from the Kj column of Table 126, then the ecjuivalent of For* (66) be- 
comes: # 


( 70 ) 


ICxAj 

“nr" 


B 


(mohta) 
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Wlierein: Ki ~ thermal conductivity of the substance, in mohts per 
inch-cube. Aj = area of the substance taken at right angles to the 
direction of heat flow, in square inches. L — length or thickness of the 
substance in a direction parallel to the direction of heat flow, in inches. 

Note. — When The Conductance Of A Body In Mohts Has Been 
Determined, the amount of heat which will flow through it in a given 
time, under a given thermal pressure or temperature diflerence, may be 
computed by substituting in For. (61). 

127, A Formula For Computing The Total Flow Of Heat 
Energy By ' Conduction Through Any Volume Of A Given 
Substance, When Its Area, And Length And The Time And 
Thermal Pressure Are Known is given below. Its derivation 
follows the formula. 

(71) Q — T-^t (British thermal units) 

Wherein all of the symbols have the same meanings as those 
specified in Secs. 121 and 126- 

Derivation. — From For. (61), Q — BtiT^ — Ti). But from For. 
(66): B == KsA/L. Now substituting for B in For. (61), its equivalent 
from For. (66), there results: Q = KsA(T 2 — Ti)tlL, which is For. (71). 
Usually, it is preferable to use For. (61) instead of (71), first finding the 
mohts conductance with For. (66). 

Example. — What quantity of heat will flow, in 1}^, hr., through a 
layer of boiler scale M in. thick and 10 sq. ft. in area when the temperature 
on the outside of the scale is 875° F. and the temperature on the inside of 
the scale is 375° F.? Solution. — From Table 125, Ks for boiler scale is 
16 mohts per sq.-ft.-in. Now substitute in For. (71): Q = KsAiT^ — 
Ti)t/L = [16 X 10(875 - 375)1.5] 0.5 == 160 X 500 X 1.5 0.5 = 

240,000 B.t.u. 

128, A Formula For Computing The Rate Of Heat-energy 
Flow — That Is, The Power Flow — ^By Conduction through 
any volume of a given substance is (see derivation below): 

(72) per hr, = B(T 2 — Ti) (B.t.u. per hr.) 

or if; as in electric-furnace and other electrical-apparatus 
computations, it is desirable to express the rate of heat energy 
flow in watts j then : 

(73) . Watts = 0,293 B (T 2 — Ti) (watts) 

The thermal conductance of the volume of the substance in 
question may be computed as explained in Sec. 126. 
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Derivation."— Front ,F{>r. (tU): Q Now^ to obtain 

the rate of heat flow per lionr, litvnio For. nM) throtigh hy the time b 
hours, that Is l)y f, thus: ’ 

(74) per hr. - ^ ■- T,i 

Also, since a rate of energy expeiuliture of 1 u^tii ■' :i.4 15 /fj.w. perh 
to convert per /n%” exprosHitnt of For. i74) into watts dividl 

by 3.415, thus: ' 

(75) B(7', 7M 

129. ‘‘Thermal Resistance*’ in, in a sf^n.so, liu^ opposite of 

thermal conductance, which is thhiniMi in Stut. 119. While 
conductance expresses the r<‘a(iinf‘.ss with a material 

conducts heat, resistmice expn^sscs t h<* oj>{)o,>if ion which a 
material offers to heat flow. Tin* lijreaicu- thn conductance, 
the greater the heat flow, but the grciatm* the resistance tlie 
less the heat flow. 

Note.— N uMBmcALLY, Heat Uehihtanok Ih 1 'iie HKCiCRocAL Of 
Heat Conductance And Vice Versa.— 'F hat is, if a HulwiancG hasa 
heat conductance of 10 unite, its heat nsnintauee Ih: 1 : 10 : 0.1 unk 
These quantities are analogous rf‘.sp(‘t*-{ jv»'Iv to eh'rtrituil r<‘HiHttiiico and 
electrical conductance. Thermal rc.si.st4m<‘u to heat. flt>w is also Hoinowhat 
analogous to the frictional resistance <)fT(‘rc<l l»y (h(‘ interior mirfaceofa 
pipe to the flow of water through it. 

Note.— The Thermal Resistance Of A Siihstance IsXA)wiftlie 
construction and arrangement of the molecaikts of t he Buhstance is sucli 
that heat which is imparted to one i)art of the HubHl,anc‘f!s is t-nuisinitted 
with great rapidity to the molecules in the cckjUw jKU'tiouH. But if the 
transmission proceeds only sluggishly, then the ntHistance is high, 

130. Internal Thermal Resistance iw the opjFositiou to heat 
transfer which occurs within the suhBt.ancc. It is, numeric 
caUy, the reciprocal of internal thermal comiuctanee. 

131. External— Or Contact-Thermal Resistance is the 
resistance to heat transfer which occurs betwc^cn two sub- 
stances which are in contact with each othc^r. Definite quan- 
titative data relating to this form of resistance are not 
available - 

Note. ^Resistance To The Flow Of Heat From The Gases Of 
L^ oMBtrsTioN In A Boiler Furnace To The Watmb In A Boileb is, 
largely due to the contact resistance between the gases and the steel 
^ oi er-shell or tubes, and between the shell or tubes and the water. K 
IS also due to the internal resistance of the plate itself, the resistance of 
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a stagnant gas film on one side of the boiler plate, and the resistance of a 
stagnant water film on the other side. 

132. A Unit Of Thermal Resistance Is The ‘^Thom,’^ — 
This word is merely a contraction of the term ^Hhermal ohmJ^ 
See, in this connection, Sec. 120 in which the “moht^^ is defined. 
A body has a resistance of 1 thorn when a thermal pressure — 
or temperature difference — of 1"^ P. will force heat through it, 
by conduction, at the rate of 1 B.t.u. per hour. 

133. To Compute The Total Heat-energy Flow Through A 
Substance When Its Resistance, in Thoms, And The Thermal 
Pressure Are Known, substitute in the following formula, the 
derivation of which follows from the definition of preceding 
Sec. 132. 


(76) 


B.t.u. per hour 


Thermal pressure 
Thermal resistance 


or substituting for the above quantities their equivalents as 
hereinbefore defined: 


(77) 


B.t.u. per hour 


(T2 - Ti) 

R 


Wherein: R = the thermal resistance, in thorns. The above 
equation expresses what is sometimes called the Ohm’s law of 
the heat-flow circuit. Now if Q = the total quantity of heat 
which flows, in B.t.u., it is apparent that: 

(78) ^ R (B.t.u.) 

Example. — A certain slab of copper has a thermal resistance of 
0.000,238 thorns. If the temperature on one side of the slab is 42° F., 
and that on the other is 47° F., what will be the total heat which will 
flow through it in hr.? Solution. — Substitute in For. (78): Q = 
[(T'a - rOd/R = [(47 - 42)2.5] 0.000,238 - 5 X 2.5 0.000,238 == 

52,500 B.t.u. Compare this example with that under For. (61). 

134. Thermal Resistivity Is Specific Thermal Resistance. — 
That is, it is the resistance of a block of the material, which is 
under consideration, which has a specified length and cross- 
sectional area. Numerically, a thermal-resistivity value will 
be the reciprocal of the corresponding thermal-conductivity 
value. Review Sec. 122 on '^Thermal Conductivity.’’ To 
obtain the thermal resistivities of the materials which are 
listed in Table 125, in thorns per square-foot-4nch — or per inch- 
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cwbe— compute the of the eie-r.* jk . rhlino; 

tivity values there ciuotech '' 

Note.’ — ^" rHEEMALUiEsisTivrvY \\ua*Ks Auk XotCUven In Table 12s 
because it m usually, when cuiuptUinj.^, nttue etuiviuiieui tu use the con- 
ductivity values. In ninny eases, fite resi.^Uvi'fy vatu(*.s wt mid be long 
awlnvard decinuds. Kciually t*<»rreei. resuK.s uuay be ulttained by uging 
either resistivity or conductivity vaUum, if the proper formula is utilized 
in each case. 

135. To Compute The Thermal Resistance Of A Volume Of 
A Substance In Thoms, first <hdurmine its comluctance in 
mohts as specified in For. (th>) and then fl|rtire the reciprocal 
of the value thus obtained. "This last value will be the thermal 
resistance, in thorns. 

Exami'*lb. — ^The thermal <u>uduciamu‘ of a ctniniu slab of copper is 
4,200 mohts. Therefore, t7« therm<d nwisliatcr. i.'i: I -i 4, 2(H) 0,000,238 

thorns. 

136. To Compute The Rate Of lleal-energy Flow, That Is, 
The Power Flow, Through A Substance When Its Thermal 
Resistance, In Thoms, Is Known, the formulas <|uoted belo^i? 
may be employed. These, Hin<5c rtusL^tance is the reciprocal 
of conductancej follow froxn Furs. (72) and (73). 

(79) B.t.u. per hour ^ ^ ^ 


and 

(80) 


Waits = 


0 , 293 (^ 2 - 

R 


Tx) 


Example. — What will bo tho heni pow< 5 r lows, iu wattH, through tlie 
heat-insulating jacket of a furnace, if the thcnual resiKtuiute of iho jacket 
is 0.003 thorns and inside and outside (eruperuiures are r(‘Bp<‘ctivcly 1,700 
and 180° F.? Solution. — Substitute in For. (SO) : - [().293(f2- 

ri)]/R - [0.293 X (1,700 - 180)] 0.()()3 0.203 X 1,320 -n 0.003 ^ 

148,400 watts. 

137. Convection Is Transfer Of Heat By The Flow, Of 
Currents Within A Fluid Body.— Tlio current-flow is due to 
variations of density, caused by iucujualit.ics of expansion and 
contraction, through the fluid body. 

Explanation. — When any portion of a fluid, m air, becomos heated 
(Fig. 121), it expands, (Sec. 139). The density of that |)ortioa of tb 
fluid diminishes. ' A given volume of it becomes lighter than it was before, 
That' is, the volume of a given weight of the fluid l>ecomes greater. 
According as the density of any portion of a fluid, as water (ilgs. 122, 123) 
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124 , and 125 ), diminishes, due to conduction of heat to that portion of the 
fluid, it rises and is displaced by the cooler, more dense and heavier sur- 
rounding portions of the fluid. These portions, in turn, likewise become 


Volume of One Ounce of ■ 
•Worrm Air After Pdssingf 
• ■ ^ Over Steam Coils ' ( • 

ills 



Fiq. 121. — Showing the increase in volume of a certain mass (weight) of air in passing 
over hot steam coils. 


.-Cooler Portions of }Yorter Pescenct- 
•Jnsr to Displace Lighter Portions^ 

Ti 



Fio. 122. — Water circulation when heat 
is applied to center of a vessel. 


c*" 'Vyfffr 



lrt^“--F/cy/77e\, 

11 WOlterJ 

Fig. 123. — Water circulation 
in vessel heated on one side. 


heated and displaced. Continuous circulating currents are thus set up in 
the fluid. Heat is thereby transferred, by convection, from the parts of 






radiator 1^ en^ t!^ conduction, to tho iron walls o!tto 

• men the heat in the iron is transferred, by conduction, b 
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the particles of external air which are directly in contact with the radiator. 
This air expands. Its density diminishes. It becomes lighter, per unit 
of volume, than it was a moment previous. It is displaced from con- 
tact with the radiator by the heavier air below it. Similarly other 
portions of air become heated, expanded, diminished in density and dis- 
placed from contact with the radiator. A continuous convection-cur- 
rent, which carries the heat to the parts of the enclosed space which are 
remote from the radiator is thus set up. This current constantly 

imparts its heat, by conduction, to 



Fig. 127. — Heating with a warm-air Fig 128. — Showing convection cur- 
furnace. rents of air at junction of ocean and land. 

(Direction of flow may be reversed when 
the land is the cooler.) 



Fig. 129. — Showing circulation in in- Fig. 130. — Showing water circulation 

olined tube. in simple water-tube boiler. 


Note. — ^Tbansfer Of Heat By Convection Is Utilized In Many 
Ways. — The effectiveness of hot-water (Fig. 126), steam, and hot-air 
(Fig. 127) heating systems (Div. 17), of ventilating systems, and of 
chimneys and stacks (Sec, 256) depends upon this principle. To it, also. 
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IDiv.S 

are due the winds (Fig, 12S) wldeh traverne inutl and mm, Convectioaia 
of ftindameiiM importance in f iie uporutiuii of afcuni hnilers. The tubes 
of horizontal water-tui>o ladlcrH arc H«‘t (FigH. 1 20 aiul i:HI) at aa inclba. 
tion to the liorizontaL 'Fhe ohjcct Is tii fnciliinfc fnumfer of heat by 
convection. Itapid circulation td" the watcr-ctirrcnts, loid, therefore of 




Fia. 131. — Water and gas oiroxila- 
tion in one typo of vertical wator-tubo 
boiler. 


heat transfer ljy c«»nvection is ®a 
Kil and i'A'2) of the 

considerniions in !uhh*r ileBign. 



Fio. -Hhowing water and gan eircula- 
tiuu in Ht jrling-type boiler. 



Fio. 133. Ventilation due to oonveotion. (Thi» gihowi a toiftatiilo arrangemwt 
JNote movement of air near floor where employe® work. Tli© wind, If there is 
assists in promoting circulation.) 

principle of convection is, oftoni utilized (Fig. 13S) m the mtural 
ventilation of buildings. 
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Note. — The Mathematics Op Heat Transpeb By Convection Is 
Rather Complicated. — ^It involves consideration of many factors, as 
temperatures, specific heats, densities, viscosities, and probably others. 
Hence, no formulae pertaining to this subject will be given herein. How 
a chimney produces draft by convection is explained in Sec. 256 and in 
the author’s Steam Boilers. 

138 . Radiation Is Transfer Of Heat From One Body To 
Another By Wave Motion In The AEther (Sec. 46). When 
being thus transferred by wave motion in the aether, the 
energy is called radiant heat energy or merely radiant heat. 
Radiant heat is, therefore, wave motion and not molecular 
motion as is heat in its most common form. The earth 
receives the sun’s heat by radiation. The aether which fills 
interstellar space, and, in fact, all space unoccupied by matter, 
is the medium of transmission. 

Explanation. — If the bare hand be suddenly thrust before the open 
door of a boiler-furnace, within which an intensely hot fire is burning, an 
unbearable sensation of heat will be felt instantly. Evidently, this can 
be due neither (Sec. 137) to convection nor (Sec. Ill) to conduction. 
It cannot be accounted for on the principle of convection, because the 
convection-current fiow will be inward, instead of outward, through the 
furnace-door. The exposed hand will be constantly bathed by an air- 
current flowing into the furnace from the comparatively cool atmosphere 
of the room. For the same reason, the intense sensation of heat cannot 
be accounted for on the principle of conduction. Even if the air in 
contact with the hand were to become temporarily stagnant, a consider- 
able interval of time would still be required for it to conduct the heat 
thereto, because air is (Sec. 114) a poor conductor of heat. 

The true explanation is, that the vibratory heat motion, of the mole- 
cules of the combustibles in the furnace, sets up a wave motion in the 
aether which (Sec. 46) fills the interstices between the air molecules. 
These heat waves travel, at enormous speed (Sec. 178), along straight 
lines which radiate in all directions from the source of heat. They tend, 
to reproduce (Sec. 142), in all matter which lies in their path, the vibra- 
tory heat motion of the heated substance wherein they originate. Those 
which travel in the direction of the exposed hand before the furnace door, 
traverse the intervening distance in an interval of time which is so brief 
as to be virtually instantaneous. In fact, radiant heat waves travel at 
the same speed as do light waves, 'viz . : 186,000 miles per sec., as explained 
in Sec. 178. 

139 . Heat May Be Radiated Through Vacua. — The heat 
energy of the sun passes through a presumably perfect vacuum, 
millions of miles in extent, before it reaches the earth’s 
atmosphere. 
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Piv, {) 

Nom— H rat Can Nkitiirh Uv. </u,\t»rr'rKi» Nor Convbctid 

Throucik a VAcnufM. In a npucn uh«n'inn nj.nftnr m liotl; 

the molecular motion hy wliieh honi is (nnuiucto.l, nnd the curreat-flo^ 
by which it may Im Ci>nvectcth tunst Hkiou'^o }tc‘ lumoxiatont. 

Example.— A glans cm-loaing a ioally luu'frt*! vacuum migh 
be intci'poHcd betwotm the. bare bund and the fuv iit the furnacm Butth 
sensation of heat wouhi still bet felt. 

140. Heat Waves May Be Visible Or Invisible.— Those 

which arc visible arc (Bee, I7tr) classtHl ns waves. Tlie 
quality of visibility deptnuis n|>on t-hc* nf heat (tern* 

pci'ature) which is p<>ssi>s<n! l>y tln^ fnnu which the 

waves emarxatc. 

ExAMimpx— A mass of iron wbon heut<*d t«> about 4sn'^ E. will, in a dark 
room, give off visible heat waves. When the temperature of the iron 
drops below 480^ F., the heat wavt*s will become in visible. 

141. Heat May Be Badiated Tlxroiigh Transparent Or 
Translucent Bodies To Other Bodies Beyond. Komo sub- 
stances tend (Sec. 143) to absorb Ijeat wavt^s more readily 
than do cei'tain other sul)stan(‘(‘s. 



Fia. 134. Lena of ico shaped like a buniiiiig; glawa oonotuiiratwa radiant heat waves of 
sun and ignites paper. 

Example. The visible heat waves, which (Fig. 134) are manifested 
in the sun’s rays, tend to stimulate heat motion in tlio loim-flhaped calce 
of ice. Presently the ice lens will be molted to water. 1 hit while the lens 
continues intact, the heat waves passing through it will, l>y being focused 
or concentrated on the faggots, ignite them. 

142. Radiant Energy Is That Form Of Energy Which 
Resides In Ethereal Heat Waves. — It is tiio essence of tiie 
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phenomenon which (Sec. 138) is conveniently defined as 
transfer of heat by radiation, or as radiant heat. 

Explanation. — The earth receives the sun’s heat by radiation- But 
the sun’s heat exists as a vibration of the molecules of the sun’s substance. 
This vibratory molecular motion, or heat, cannot be imparted by conduc- 
tion to the sBfcher which lies between the sun and the earth and thence to 
the molecules of the earth’s substance — ^the aether has no molecular 
structure to receive it. Therefore, it is an obvious misnomer to consider 
the phenomenon of radiation as a direct transfer of actual heat by contact. 

The energy of the sun’s molecular vibration, or heat, is, however, 
imparted to the ^ther. This transfer of energy is manifested by waves 
which are thereby made to traverse the aether. These waves radiate from 
the sun along straight lines (Sec. 138). They are waves of radiant 
energy. When a mass of matter, as the earth, intercepts their path, they 
impress their radiant energy or a portion of it on that mass of matter and 
thereby reproduce therein the molecular motion, or heat, to which they 
owe their origin. 

143. Waves Of Radiant Energy Are Converted Into Heat 
In The Material Bodies Which Intercept Them. — Radiant 
energy tends, more or less, to penetrate (Sec. 141) substances 
which are transparent, translucent or opaque to light, as 
respectively a window-pane, a draftsman’s celluloid triangle, 
or a china cup. The ability of any of these substances to 
convert radiant energy into heat is inversely proportional to 
its capacity for transmitting light. An ideally transparent 
substance would convert none of the radiant heat energy 
which impinged on it to molecular-vibration heat energy; all 
would pass through. An absolutely opaque non-reflecting 
substance would convert all radiant energy which impinged 
on it to molecular-vibration heat energy. Radiant energy 
cannot penetrate substances into which light cannot enter. 
The 'radiant energy, or a portion of it, is transformed into 
heat among the surface molecules of such substances. Then 
the heat is carried, by conduction, throughout the body of the 
substance. The more impenetrable the substance, the greater 
its capacity for conversion of radiant energy into heat. 

Note. — Dull Black Surfaces Of Bodies Are The Best Convert- 
ers Of Radiant Energy. — ^They are also the best radiators thereof. 
It is presumed that if a surface, in which the qualities of blackness and 
dullness would be perfectly blended, could be prepared, the surface would 
absorb, and convert into heat, all of the radiant energy which it might 
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intercept. A surface mnU^d ^vith Itunphlnck ^ |if«ih»hl.v tkc ncjamt 
approach to the ideally |M‘rft‘et ahsurhinp; Mirfur.., 

144. Radiant Energy Which Is Intercepted By A Material 
Body May Be Reflected Therefrom i.'hl. idCi and 137), 

Some of the heat waves wlutdi 
impinge upon the surfa(*e of 
the body will (S(Hn KhS) 1 h‘- 
come tranaformial into mtd(‘“ •. 

cular motion or hcnit. Bui ‘‘ 

others may rol>oxin(L The y 

angle of mddcncej I , (Fig* 1 ^5) 
is always equal to the angle of 
reflection f R- [ ■ 

Note. — B iuaiiTLY P o n i h h K.. ^ 
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Fio. 135. — lUiat wav«» 
are refloctod in tiio sanic 
manner as are light waves. 


Fju. lar*. ltrtl»H'{«‘d nniiaut energy 
fr<»iu tho him m{»5t,hf» it ln»t lor tlw 
painttT. 


Energy Veky Hba'diTjY. — T hereby they teiul tt> prvvin\i the, nhHorpiioii 
of radiant heat by any body which ih<*y mimnnui. ( 'uti v<*rs(*ly, polinlied 
surfaces are poor radiators of he,at thereby they i<‘nd to prev(?ntlo88 0f 





Fia. 137. — Radiant-energy heat rays are reflioted and foeuitd by a oonoaYe 
the same manner as are light myn. 

radiant heat from bodies which they surround. A bright ail very surface 
(Figs. 136 and 137) will reflect most of the radiant energy which it t&Mj 
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intercept. A white painted surface (Fig. 136) would, by reflection, 
produce a much more uncomfortable heating effect than would a black 
surface. 

145. Siiriaces Which Are Good Radiators Of Radiant Heat 
Are Also Good Absorbers Thereof. Surfaces Which Are Poor 
Radiators Are Good Reflectors. — These facts may (Figs. 138 
and 139) be readily demonstrated by experinaent. 
Advantage of them is taken in many practical applications. 


Larnp' 

blacheol 

Surface 

Absorbs 

Heat--. 


.-Polishect 

Surface 

Reflects 

Heat 




Fig. 138. — Good heat reflectors are Fig. 139. — Good heat absorbers are 
poor heat absorbers and vice versa. good heat radiators. 


In general, the rough dark surfaces are good radiators and 
absorbers j smooth polished light surfaces are good reflectors 
and poor absorbers. 

Example.— In Fig. 138, the metal sphere, A, on the lampblacked 
plate will melt off before that, R, on the polished plate melts off. The 
lampblacked plate quickly absorbs radiant heat from the hot metal ball, 
B. The polished plate reflects the heat away. In Fig. 139, the bulb, 
L, absorbs more heat tSan does P, because the lampblacked side of the 
hot-water-can radiates heat much more rapidly than does the polished 
side. 

Example.— The metal casings of ‘‘thermos’^ bottles (Figs. 106 and 
107) are often nickeled and polished on the outside to minimize the loss 
or gain of heat by them by radiation. The glass container inside such a 
bottle is similarly coated like a mirror for the same reason. Likewise 
calorimeter vessels (Fig. 96) are, usually, of polished nickel. Electric 
heaters (Fig. 82) have highly polished reflectors. Steam-heating-system 
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radiators (Bee. 590) nri% inirpo-M-l\% r«-»ui.di mitHtdi* to iireinote ra4ia. 
tioix of lumt front them, 

146. Radiant Energy Is Susct‘pii1>h‘ To Refraction --TI iIbk 
tdxsorvtHi whoa vi>ii>io heat waYOR^ in the 
form of niy,s <0" aauli^hf., are (Figa. IMand 
140) ca.ustHl to paRs fiiruuglt a. tHinvex lens. 
A r<‘fraft.ive,, or itonelirig, is also 

olworvtai F^ 1 M2) when visible 

heati wa.Vi‘s, or light nivh*, pass through the 
hotunliage urfaa'f;- <>f t I’a Ti -pai^tah suhstauces, 
as dear watta* m* glass. 

Notf,.— Hkat Wa\'Ks May There. 
vouK l^K (. 'oNeKN'rnArKo With A Lk as (Figs, 134 
aa<l 140) in slIukuI the same way that: light waves 
e.an be concent rat tai. 

Fia 147, The Radiant Heat Which Is Givei 

are rofraoted by the hum 

and concentrated on the Oft By A Body may he eomputea by the 


head of a match, ignitins; Stcfail-Ik)lt5!UiailU 
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( Brh ish ' 

(h(‘rmal ui 


Wherein: Q = the quantity of lu'at, in British tlna'inal units, 
which is radiated, fc = a constant for tlu^ luaitnial, 
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Fia. 141. — The course ot a ray 
of light is changed hy refraction 
when it passes through the com- 
mon surface of two transparent 
mediums of different density. 



Fnn 142.— Path ut a Ii«ht ray is 
d<;fleotod when pairing through a 
prism. 


from Table 149. A — the area of the radiating surface, b 
square feet, t = the time interval, in hours, duritg 
which the radiation occurs. T *= the absolute temper^t)^'^ 
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of the body, in degrees Fahrenheit = reading of the observed 
temperature + 460. 

For a radiator possessing absolute blackness, For. (81) 
becomes : 

(82) Q = 0.161,8A^^j^^ (British thermal units) 

148, The Net Heat-transfer, By Radiation, Between A Hot 
Surface And A Parallel Cool Surface (both surfaces must be 
very large, of the same size, and one of them a perfectly 
black body. Fig. 143) may be computed by the following 
adaptation of the Stefan-Boltzmann formula: 

(83) Qb = a[(^) - (^l)^] (B.t.u. per hr. per sq. ft.) 

Wherein: = quantity of heat transferred, in British 

yTemperofture^Ti 

„ , , / 'Hot Sijrfotrp. Qivip^ off Vav; '.-yryp> 


I- Act u Oil troinsfer of i^ecit by Rotolioition frowOne Surfoice to Another"^ 

A 

'■ /B 


H- Assumed Mode of f rc<nsfer of Hecni by RotoJioitlon. 

Fig. 143.— Showing how heat actually radiates, and how, for the purposes of computa- 
tion, It IS assumed to radiate. (In JJ it is assumed that all heat is radiated at right 
angles to the surfaces. This is assumed to be true only when the surfaces are very 
large.) 

thermal units, per hour per square foot of area (A or B, 
Fig. 143) of either surface, k = b, constant for the material, 
taken from Table 149. Ti and T 2 = respectively, the abso- 
lute temperatures in degrees Fahrenheit, of the hot and cold 
surfaces = reading of the observed temperature of each 
surface + 460. This formula illustrates the principal of 
mutual radiation. However, in practice very few cases arise 
in which the radiation is between two large parallel surfaces 
of equal area, one of which is a perfectly black body. Hence, 
the formula can seldom be used for accurate solutions. But 
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it can be used in most cases, such as in boiler furnaces, for 
calculating approximately the heat which radiates from a 
square foot of an incandescent body. 

149. Table Showing Values Of The Badiation Constant k 
Tor Various Materials (From Marks' Mechanigau Engineers' 
Hanbbooe:). 


Material 

h 

Temp., 

deg. 

Fahr. 

Material 

h 

Temp., 

deg. 

1^ ahr 


0.1618 

70 


0.031 

120-545 

Glass, smooth 

Brass, dull 

0.154 

0.0362 

100-660 

Cast iron, rough, highljr 

oxidized 

Lime plaster, rough -vvluto. 

0.157 

0.151 

i 

1 105-480 
150-195 

Lampblack 

0.154 

32-100 

Slate, smooth 

0.115 

140-400 

Copper, slightly polished.... 

0 . 0278 

100-540 

Field soil 

0.063 

140-400 

Wrought iron, dull, oxidized 

0.154 

70-670 

Water 

0.112 

140 

Wrought iron, (ordinary 
black body) - 

0.0562 

85-225 

Ice 

0. 106 

32 

Wrought iron, highly pol- 
ished 

0.0467 

105-480 

Incandescent bodies 

0. 155 


150. Radiant Heat Within A Boiler Furnace will now be 
considered. A boiler receives little heat by radiation from 
the gases of combustion. It may receive some heat by radia- 
tion from the long tongues of luminous flame which result 
from burning highly volatile bituminous coals. But most 
of the heat delivered to a boiler by radiation comes from the 
glowing and incandescent fuel on the grate, and from the highly 
heated fire-brick lining of the furnace. For a given grate 
area neither the contour of the portion of the boiler surface 
which receives the radiant heat, nor (within reasonable limits) 
the distance of the surface from the fuel bed, have any appar- 
ent influence on the amount of heat thus transferred to the 
boiler shell by radiation. 

Example. — The temper attire of the incandescent fuel bed, and of 
the fire-brick lining, in a boiler furnace, is 2,300° F. The temperature 
of the boiler shell is 600° F. If the furnace temperature be raised to 
2,500° F., what will be the increase in the quantity of heat transferred 
to the boiler shell by radiation? Solution. — k for wrought-iron bodies 
(Table 149) = 0.154. By For. (83), the heat radiated under the prevailing 
furnace temperature Qr ~ k [(Ti/100)^ — (T2/100)q = 0.154 X {[(2,300 + 
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460) -J- lOOJo - [(600 + 460) 100]*} = 87,400 B.t.u. per hr. per 

sq. ft of the area of the hot surface which radiates the heat. Also, by 
For. (83) the heat which would he radiated under the increased furnace 
temperature — Qr ~ k [(Ti/100)^ — (Ta/lOO)-*] = 0.154 X {[(2,500 4- 
460) 100)]^ - [(600 + 460) 100]^} = 116,300 B.t.u. per hr. 

per sq. ft of the area of the hot surface which radiates the heat. 
Hence, the increase in the quantity of heat radiated ~ 116,300 — 
87,400 = 28,900 B.t.u. per hr. per sq. ft of the area of the hot fuel bed. 

151. The Problem Of Heat Radiation In Boiler Furnaces Is 
Very Complicated. — This is particularly true of the radiation 
which occurs in the furnaces of externally fired boilers. It is 
beyond the province of this book to go into the abstruse 
mathematics of the subject. Enough has been shown, 
however, in the preceding example to emphasize the advan- 
tage, in boiler operation, of maintaining high furnace tem- 
peratures. As indicated in the solution of the preceding 
example, the quantity of heat which a boiler receives by radia- 
tion increases very rapidly as the furnace temperature rises. 

Examples. — By increasing the furnace temperature from 2,000° F. 
to 3,000° F., the quantity of heat which is delivered to a boiler by radia- 
tion under the lower temperature, may be increased approximately four 
times. By permitting the temperature to fall from 2,500° F. to 2,400° 
F., the quantity of radiant heat may be diminished about 12 per cent. 
The fusing temperature of the ash generally limits the maximum attain- 
able temperature of the fire in a boiler furnace. 

152. Heat Transfer May Be Effected By Simultaneous 
Occurrence Of Conduction, Convection And Radiation. — 

When the three modes of heat-transfer thus act conjointly to 
deliver heat to a substance, the resulting phenomena are very 
complicated and difficult of exact analysis. 

Explanation. — In boiler operation, the furnace heat (Fig. 144) is 
transferred by convection and radiation to the surface of a stationary 
gaseous film which blankets the heating surface of the boiler. Or, 
perhaps, a coating of soot may interpose between the film of gas and the 
heating surface. The heat is then carried by conduction to the water in 
the boiler. It traverses the external film of gas, the coating of soot, 
the boiler plate, perhaps a layer of scale on the inner surface of the 
plate, and, finally, a film of stagnant water and steam before it passes 
into the mass of moving water in the boiler. During the progress of the 
heat flow from the outer surface of the external gaseous film to the moving 
water in the boiler, the mode of transfer alternates successively between 
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external and internal (Sec. 112) conduction. When the heat is finally 
conducted into the moving water, the convection currents circulating 
therein distribute it throughout the mass. 

Now, heat is not transferred as readily by external conduction as 
by internal conduction. Also, the rate of transfer b5'- external conduction 
seems to vary, more or less, according to the. various natures of the sub- 



Fig. 144. — Diagraminatic representation of heat transfer in a boiler and furnace, 

stances in contact. This introduces a factor that must be variously 
reckoned with where (Fig. 144) a series of dissimilar substances are 
successively in contact. 

The rate of heat transfer by convection, both in the furnace and 
in the boiler, will be considerably modified by the velocity of flow of 
the furnace gases and of the water. As the velocity flow of either of 
these mediums increases, the thickness of the film of stagnant gas 
which blankets the heating surface externally, or of the film of stagnant 
water which adheres to the plate internally, will be materially diminished. 
These films are relatively poor conductors of heat. 

It is evident, therefore, that the quantity of heat which may be 
transmitted, through the external film, from the convection currents in 
the furnace, and, through the internal film, to the convection currents 
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in the boiler, will be greatly modified according to the thickness of the 

films. 

The transfer of heat by radiation will, likewise (Sec, 143) be governed 
by variable conditions. 


QUESTION’S ON DIVISION 5 

1. What are the throe modes of heat transfer? 

2. State an instance wherein the three modes of heat transfer occur simultaneously. 

3. What change in the motion of the molecules of a substance occurs when the sub- 
stance is heated? 

4. What is heat conduction? Give an example. 

6. Why does the protruding end of a bar of iron remain cool while the other end is 
being heated in a forge fire? 

6. What is internal conduction? External conduction? Give some examples of each. 

7. What factors determine the flow of heat through a substance? 

8. Explain the fundamental cause of the warmth which a blanket of snow secures 
to vegetable life. 

9. In what ways do the elements of time and distance affect the rate of heat transfer 
between two points in any substance? 

10. What is thermal conductance? 

11. Why do not all materials conduct heat at the same rate? 

12. What is the name of the unit of thermal conductance? Of thermal resistance? 
What is the value of each of these units? 

13. What is thermal conductivity? 

14. In what manner do temperature changes affect the thermal conductivities of 
substances? 

15. What is internal thermal resistance? External thermal resistance? 

16. What is thermal resistivity? 

17. What should be the intrinsic properties, with respect to heat-effects, of the 
materials used in making an ice-box or a fireless cooker? 

18. By what quantitative units are resistivity and conductivity expressed mathe- 
matically? Explain the meaning of each unit. 

19. Explain the mutual relation existing between the British thermal unit and the 
units of conductivity and resistivity. 

20. What is convection? 

21. Explain the phenomena of convection in hot-water and hot-air heating systems 
and in ordinary stove heating. 

22. Why are the tubes in horizontal water-tube boilers set sloping? 

23. What is radiation? 

24. Wherein does radiation chiefly differ from conduction and convection? 

26. In what manner does the earth’s atmosphere become heated by radiant energy 
from the sun? 

26. What is radiant energy? 

27. What is the velocity of radiant energy? 

28. What characteristic must a substance possess in order that radiant energy may 
pass through it? 

29. In what manner is a body heated by radiant energy? 

30. Describe how radiant energy may be reflected. 

31. Give some examples of refracted radiant energy. 

32. What characteristic should a substance possess to render it a perfect absorber of 
radiant energy? 

33. What kind of surface is best for radiating heat? 

34. What material affords the closest approximation to the ideally perfect absorber of 
radiant energy? 

36. What are the sources of radiant heat in the furnace of an externally fired boiler? 

9 
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36. What circumstance generally limits the maximum temperature that may be real- 
ized in a boiler furnace? 

37. In what manner does the velocity of the how of gases in a boiler furnace chiefly 
affect the transfer of heat from the gases to the boiler ? 


PROBLEMS ON DIVISION 6 

1. A body having a cross-sectional area of 5 sq. in. conducts 41 B.t.u. of heat per 
min. What would be the rate of heat conduction of a body of the same substance having 
a cross-section of 6.5 sq. in.? 

2. If one end of an iron rod is heated to 500° F. in a forge fire, while the temperature 
of the opposite end is 100° F., what is the thermal pressure between the two ends? 

3. The temperature of one end of a stone column is 300° F. The temperature of the 
opposite end is 70° F. The quantity of heat flowing, in 5 hr., between the two ends is 
700 B.t.u. What is the conductance of the column? 

4. A body has a conductance of 11 mohts. What thermal pressure will force 8,720 
B.t.u. through the body in an hour and ten minutes? 

5. The side sheets of the fire-box of a steel boiler are 0.5 in. thick. The area of each 
sheet is 30 sq. ft. What is the thermal conductance from the fire surface to the water 
surface of each sheet? 

6. A steam pipe is covered with a 4-in. thickness of mineral wool. The length of the 
covering is 20 ft. Its mean diameter is 6 in. The temperature of the pipe is 300° F. 
The temperature of the surrounding air is 90° F. What quantity of heat flows, in 10 
hr., through the covering? 

7. A clean steel boiler tube has a thermal resistance of 0.000,207,2 thorns. If the 
average temperature on the fire side of the tube is 1,500° F., and on the water aide 310° F., 
how much heat will flow through it in 5 hr.? 

8. A brick wall is 9 in. thick. What is the thermal resistance through each square 
foot of its area? 

9. The side wall of a brick boiler-setting is 6 ft. high, 15 ft. long and 15 in. thick. 
The average temperature on the furnace-face of the wall is 2,000° F., and on the outer 
face, 190° F. What is the heat-power loss through the wall? 

10. The white-hot fuel in the fire-box of a locomotive-type boiler is at a temperature 
of 2,400° F. The crown-sheet temperature is 700° F. If the fire temperature is raised 
to 2,600° F., how much more heat per hour will the crown-sheet receive by radiation 
from the fire? 
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153. The Three Possible Effects Of Adding Heat To A Sub- 
stance Or Abstracting Heat From It were stated in Sec. 54, as 
(1) Change of temperature. (2) Change of state. (3) Exter- 
nal work. In this division, it will be shown what changes in 
bodies may accompany these three fundamental effects of heat 
transfer. Some of these changes will then be treated more in 
detail in following divisions. In all cases, the aim shall be to 
discuss principally such changes as affect practical applica- 
tions of heat, such as power plants, heating of buildings, 
refrigeration, and industrial systems generally. 

Note. — The Addition Or Abstraction Of Heat Changes The 
“Properties” Of A Substance And Thereby Performs “Proc- 
esses.” — ^A 'property of a substance is any characteristic of the substance 
which may be used to describe the substance or to describe what the 
substance is capable of doing — some properties are shape, size, density, 
temperature, state, taste, color, odor, solubility, strength, electric 
resistance, thermal resistance, chemical composition. A process is 
simply a change in one or more of the properties of a substance. In 
this division will be discussed some of the processes which accompany 
the addition of heat to or the abstraction of heat from substances. 
Also, since “change of temperature” is a process which frequently 
accompanies the addition or abstraction of heat, the influence of tem- 
perature on the other properties of substances will be discussed. The 
processes and properties which will be treated include: (1) Expansion and 
contractionj Secs. 159 and 160, also treated in detail by Div. 7. (2) 

Melting j Sec. 161, also treated in detail by Div. 9. (3) Vaporization^ Sec. 

162, also treated in detail by Div. 10. (4) Sublimation, Sec. 163. (5) 

Chemical combination, decomposition, and dissociation. Secs. 155 to 158. 
(6) Viscosity, Sec. 165. (7) Absorption, Sec. 168. (8) Solution and 

solubility. Secs. 168 to 174. (9) Electric resistance, Sec. 182. (10) 

Strength, Sec. 184. (11) Capacity for emitting radiant energy, Sec. 176. 

164. A “Physical Process” is any change which a substance 
is made to undergo without alternation of the arrangement of the 
atoms which compose its molecules. Very frequently physical 

131 
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processes are the effects of heat addition or abstraction. Some 
examples of physical processes are: (1) Change in temperature. 
(2) Change in volume. (3) Change in state, as from solid to 
liquid or from liquid to gaseous. (4) Absorption (Sec. 168). 
(5) Solution (Sec. 170). 

Note. — Physical Processes May Be “Reversible” Or “Irre- 
versible” depending on whether, after a process is completed, the 
substance can be returned readily to its original condition. Most 
'physical processes are reversible. Thus, water may readily be cooled 
after being heated or it may readily be condensed after being vaporized 
into steam. Some physical processes are, however, irreversible. Thus, 
if a 12-ft. board is cut into two 6-ft- lengths, it cannot again be made into 
a 12-ft. board. 

155. A “Chemical Process’’ or Reaction is a change which 
a substance is made to undergo whereby its chemical compo- 
sition {the arrangement of the atoms in its molecules) is altered. 
Chemical processes are, in general of four kinds: (1) Combina- 
tion, wherein 2 or more substances combine to give 1 substance. 
(2) Decomposition, wherein I substance is changed into 2 or more 
substances. (3) Displacement, 1 element and 1 compound 
combine to give 1 other element and 1 other compound. 
(4) Double decomposition, wherein 2 compounds give 2 
different compounds. Nearly all chemical processes are 
attended by the liberation or continual absorption of heat. 

Examples. — If a strip of magnesium is lighted with a match, it takes 
fire and “burns” with a white flame. This (and every other) burning 
is actually a chemical combination of the material burned and oxygen 
from the air. If some mercuric oxide (red oxide of mercury) is heated in 
a test tube, globules of mercury will deposit on the cooler walls of the 
tube and osygen (gas) will pass out of the tube — a lighted match placed 
in the mouth of the tube will glow in the oxygen. The mercuric oxide is 
“decomposed” into mercury and oxygen. If some bits of zinc are placed 
in a tube with some dilute hydrochloric (muriatic) acid, a gas will be 
evolved at the surface of the zinc. This gas will be found to burn with a 
pale blue flame — ^it is hydrogen. Here “displacement” occurs — “the zinc 
(element) and the acid (compoimd) react to form hydrogen (element) and 
zinc chloride (compound). In the purification of water, a solution of 
lime (calcium hydroxide) and a solution of ferrous sulphate (copperas) 
are frequently introduced into the water which is to be purified. These 
two compounds, by “double decomposition,” form ferrous hydroxide and 
calcium sulphate — ^the hydroxide forms into small flakes which slowly 
settle and carry with it the impurities which may be in the water. More 
examples of chemical reactions are given in succeeding sections. 
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jq^QTE. — T he Distinction Between A “Chemical” And A “Phys- 
ical” Process is this: Chemical processes have to do only with changes 
in the arrangement of the atoms within the molecules, whereas physical 
processes have to do only with changes exterior to the construction of 
the molecules. This distinction is important. 

166. Dissociation Is A Reversible Decomposition. — Not 
all decompositions are reversible. If a piece of wood is heated 



Fig. 145. — Decomposing water into hydrogen and oxygen — oxygen unites with hot 
iron "forming iron oxide. Heat must be supplied, however, to maintain the 
decomposition. Hence, the heat is “absorbed” in the process. 

in a closed vessel (so that no air can reach the wood), the piece 
will be decomposed, by the absorption of heat, into charcoal 


Oicygen anof ^ 
f'Hyctrbgen 




Oxygren 


is irrever&ihle. 


'"■Hyofroyen Tube 

Fig. 146. — The oxyhydrogen blow-pipe is chang- 
ing hydrogen and oxygen gases to steam (water 
vaporized). An immense amount of heat is given 
off — liberated. 


'"-’■mfense and some gases. The charcoal and 

Heat t 1 

the gases cannot, however, by man 
be made to re-combine to form wood. 
Hence, the decomposition of wood 
On the other hand, however, water can be 


decomposed (by an electric current or by heating to a very 
high temperature) into two gases, hydrogen and oxygen (Fig. 
145). These gases wiU. again combine, if mixed and ignited, 
to form water (Fig. 146). During the combination, as much 
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heat is liberated as was absorbed when the water was decom- 
posed. Hence, the decomposition of water is a reversible 
chemical process, 

157. The Addition Of Heat Energy Is Necessary To Effect 
Certain Chemical Processes. However, Heat Energy Is 
Liberated By Most Chemical Processes. — As was explained 
in Sec. 28, energy of some sort is either required to effect or is 
liberated by every chemical process or reaction. It is the 
purpose here to give consideration to those chemical processes 
whereby only one kind of energy, heat energy, is either absorbed 
or liberated. Those chemical changes in which heat energy is 
liberated are called exothermal processes. Those in which heat 
energy is continuously absorbed are called endothermal proc- 
esses. The amount of energy which is absorbed or liberated 
by the different chemical processes is usually determined 
initially by experiment; values are given in chemistry books 
and in handbooks such as the ^^Smithsonian Institute Tables.^’ 
The amount of heat energy liberated or absorbed by a chemical 
reaction may in many cases, be determined with a calorimeter; 
see Sec. 456. The absorption or liberation of heat are not 
necessarily evidences of chemical processes. All physical 
processes are similarly accompanied by heat transfers. 
Examples are heating due to rubbing or percussion and the 
heat released or absorbed during changes of state (Sec. 54) of 
matter. 

Explanation. — One pound of every substance (at a given tempera- 
ture and under a given pressure) contains: (1) A certain definite amount 
of chemical energy. (2) A certain definite amount of matter. See Sec. 28. 
The amount of matter in the substance can be determined quite accu- 
rately by weighing. But there is no way in which the total amount of 
chemical energy in it can be determined. This chemical energy was 
imparted to the atoms of the substance both when they were first evolved 
and possibly, also at later times, whenever the atoms were parties to 
chemical reactions. Thus chemical energy, of an unknown amount, 
normally resides “bound in'’ or latent in every substance. 

However, if a chemical process occurs whereby the molecixles of given 
weights of two or more substances are disrupted into their constituent 
atoms which atoms then recombine to form the molecules of a new 
substance or substances, a definite amount of energy is either absorbed or 
released during the process. The amount of heat energy (in, say, British 
thermal units) which will be absorbed or released by any chemical reac- 
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tion between given weights of two or more substances must, apparently, 
be determined by experiment; there seems to be no way, except in certain 
special cases, to compute it. In most cases, the energy is thus absorbed 
or liberated as heat energy. If heat energy is absorbed, it is auto- 
matically transformed into chemical energy which then resides latent 
within the new substance or substances. If heat energy is liberated, it is 
energy which was transformed from part of the chemical energy which 
formerly resided — ^latent — ^within the original substances. Examples of 
the amounts of heat energy thus absorbed or liberated by certain chem-- 
ical reactions are given below. 

Hence, it is evident that if heat energy is liberated by a chemical 
reaction, this energy is part of the store, of unknown amount, of chem- 
ical energy which formerly resided within the molecules of the sub- 
stances. Possibly a part of the liberated heat is derived from each of the 
original substances which were parties in the reaction. If heat energy is 
absorbed by a chemical reaction, the energy thus added goes to increase 
the store of chemical energy in the molecules of the resulting substance 
or substances. Somehow or other, chemical energy is necessary to 
*'hold” the atoms in the molecules, different amounts of it being neces- 
sary for different kinds of atoms and molecules. So when the molecular 
structure — ^the substance — ^is changed, the chemical energy must be 
either released or absorbed. 

When a compound is decomposed into its constituent elements, the 
amount of heat absorbed or liberated is exactly the same as that which 
was evolved or absorbed in the original formation of the compound. 
When both combination and decomposition are involved in a complex 
chemical change, the heat liberated or absorbed is the net result of the 
two reactions. 

Example. — When water is decomposed, see equations below (Fig. 
145), by any process whatsoever, into oxygen and hydrogen, heat energy 
is absorbed. When oxygen and hydrogen combine (Fig. 146), as in 
combustion, much heat energy is liberated. 

158. Thermochemical Equations are equations which show 
not only the chemical reaction of a process but which also 
show the amount of heat absorbed on liberated by the process; 
examples follow. The subject can be considered only very 
briefly here; for further information see some good modern 
textbook on chemistry. In the following equations, which are 
merely the records of many experiments, each symbol stands 
for a chemical element thus: C = carbon. O = oxygen. 
Cl == chlorine. Now a chemical equation is: 

(84) C + O 2 = CO 2 

which means that 1 atom of carbon, a solid, will combine with 
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2 atoms of oxygen, a gas, to form one molecule of carbon 
dioxide gas. A corresponding thermochemical equation is: 

(85) llh, C + 2H O - 3% lb. CO 2 + 14,650 B.t.u, 
which means that 1 lb. of carbon will combine with 2^^ lb. of 
oxygen gas and form 3% lb. of carbon dioxide gas and further- 
more that during this process 14,650 B.t.u. of heat energy 
will be liberated. If 2 lb. of carbon combined with 5}^^ lb. 
of oxygen the result would be lb. of carbon dioxide gas 
and the liberation of 29,300 B.t.u., and so on. The chemistry 
books show that an atom of oxygen weighs 1}-^ times as much 
as an atom of carbon. This means that (since two atoms of 
oxygen will combine with one atom of carbon) the weight of 
oxygen necessary in For. (85) will be: 2X1M = 2^3 times the 
weight of carbon required. Note that the weight of the re- 
sulting substance ^‘3% lb. of C 02 ^^ is the sum of the weights 
of the two original substances. The energy, obviously, has 
no weight. Fors. (84) and (85) are very important to the 
steam engineer since they show the underlying reaction for the 
chemical process of the combustion or burning of fuels. 
Combustion is further discussed in Div. 14, which see. 

Examples of other chemical and thermochemical formulas are: 

(86) 2H2O - 2H2 + O2 

which means that 2 molecules of water (H 2 O), each composed of 2 atoms 
of hydrogen and 1 atom of oxygen can be decomposed into 4 atoms of 
hydrogen, a gas, and 2 atoms of oxygen, a gas. A corresponding thermo- 
chemical equation is: 

(87) 9 Ih. H 2 O - 1 H -h 8 Z6. O - 62,100 BXu. 

which means that 9 lb. of water when chemically decomposed will 
furnish 1 lb. of hydrogen gas, 8 lb. of oxygen gas and, in addition, that 
62,100 B.t.u. of energy must be supplied to efiTect the decomposition. 
The minus sign ( — ) preceding the “62,100” means that this amotmt of 
heat energy must be added. A plus sign (+) in the same position 
means that energy will be liberated during the reaction. That is; 

(88) 2H2 + O2 - 2H2O 

or stating the corresponding thermochemical equation : 

(89) 1 Z6. H +• 8 O = 9 lb. H 2 O + 62,100 B.t.u. 

which means that if 1 lb. of hydrogen and 8 lb. of oxygen are combined 
to form 9 lb. of water, 62,100 B.t.u. will be liberated by the reaction. 
Note that For. (89) is the reverse of For. (87). 
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Note. — The Rate At Which A Given Chemical Process Is Al- 
lowed To Proceed Has No Influence On The Total Amount Of 
Heat Absorbed Or Liberated Thereby. — ThuSj, a piece of iron may be 
permitted to “burn” slowly by rusting away in many months by com- 
bining with the oxygen of the air. Or instead it may be permitted to 
burn away very rapidly — ^in a fraction of a minute — ^in pure oxygen gas. 
But in each case the total amount of heat liberated by the combination 
of the iron with the oxygen will be the same. 


159. “Expansion*’ Is An Effect Of Increased Molecular 
Motion in a body of matter. (See Div. 7 for extended dis- 
cussion^) When the temperature of a body is increased, it 
expands or increases in size, for the following reason: The 
molecules of a substance (Sec. 46) are not in actual contact. 
They are in motion, constantly vibrating — chitting one another 
and rebounding. When their vibratory motion is increased — 
when the temperature increases — they bounce further away 
from one another. Thus, there is a tendency to increase the 
average distance between the molecules. The cumulative 
effect is an expansion of the whole mass of the substance which 
they form. But addition of heat is the real cause of the pheno- 
mena, since molecular vibration 
(Sec. 52) is heat. However, ad- 
dition of heat does not always 
(Sec. 54 and 187) cause a tem- 
perature increase and expansion. 







w 
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Fia. 147. — Work done by expansion. Fio. 148. — Addition of beat expands metals. 


Example. — A bar of copper (R, Figs. 147 and 148) is longer when hot 
than when cold. 

160. “Contraction” Is An Effect Of Decreased Molecular 
Motion In A Body Of Matter. — It is the reverse (Sec. 159) of 
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6 xp 9 ^B.sioii. Oontrsbction is iiQL3»nif6si}6d. by ^ (i6cr68>SG in tjh.© 
size of the body. When the temperature of a body decreases 
it contracts. The decrease of temperature of a substance 
consists, essentially, in a diminishment of the vibration of the 
molecules of the substance. As the vibratory motion of the 
molecules diminishes, the average distance between them (Sec. 



Fig 149 —The ball will pass through Fig. 150 .— Raising a weight by heating 
the ring when the ball is cold but will not and cooling a rod. 

pass through when it is hot. . • 

52) likewise diminishes. The cumulative effect is a contrac- 
tion of the entire body of matter which the molecules form. 

Examples.— See Fig. 149. Also, a steel collar may be bored to a 
slightly smaller internal diameter than the outside diameter of a steel 
shaft. Thus it will he impossible to 
slip the collar over the shaft when 
both are at normal temperature. But 
the collar may be heated. The ac- 


Fig. 151.— *Work done by expansion of gas. Fig. 162. — Addition of heat causes 

the air to expand and thus increases 
its volume. 

companying expansion will then enlarge its bore until it can be readily 
slipped over the shaft. If it is then permitted to cool to the temperature 





EFFECTS OF HEAT 


Sec. 161] 


139 


of the shaft, the collar will gradually contract and will finally grip the 
shaft so tightly as to be immovable. 

Note. — Exteen al Woek May Be Peepoemed, Through The Expan- 
sion And Contraction Op Materials, By Direct Applications Op 
Heat. — A copper bar (Fig. 147) is heated by the flame of a blow-torch. 
The bar is thereby expanded and lifts a block, of W lb. weight, a distance 
of L in. The external work performed by the applied heat, in lifting the 
block, may, therefore, be expressed as WL in.-lb. = 1,000 X 0.02 = 20 
in.-lh. By alternately heating and cooling the rod R (Fig. 150) the 
ratchet-wheel could be rotated. External work in raising the weight W, 
might thus be performed by the heat energy transferred from the flame 
to the bar. 

Applying heat to a confined gas (Fig. 151) increases the volume of the 
gas. The gas expands and raises the piston. Thus the heat energy 
which is transferred from the applied flame is, through the expansion of the 
gas transmitted into external mechanical work. In Fig. 152, the addi- 
tion of heat to the air in A expands the air, as is shown by the bubbles 
coming out of the water in B, thus external work is done in forcing out 
the air globules against the force of atmospheric pressure. 


161. “Melting’’ Or “Fusion” Is The Transition Of A 
Substance From The Solid To The Liquid State. (Fig. 153.) 
There is, for practically every solid, a 
certain temperature at which that solid 
will melt. This temperature is called the 
melting-point or the fusing-point of the 
substance. See Table 285. Furthermore, 
heat (positive disgregation heat, Sec. 103) 
is always required to effect the change from 
solid to liquid form. Thus, melting is an 
effect of heat addition. This subject is 
discussed fully in Div. 9. 



(LI — 'lF 
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Fig. 153. — Melting lead. 


Note. — '‘Solidification” Is The Opposite Of '' Melting.” It is 
the transition of a substance from the liquid to the solid state. Heat 
(negative disgregation heat) must be given up by it when a body solidifies. 
Hence solidification is an effect of heat abstraction. 


162. “Vaporization” Is The Transition Of A Substance 
From The Liquid State To The Vapor Form Of The Gaseous 
State (Figs, 154 and 155). In general, there is a certain tem- 
perature (depending on the pressure on the liquid) for each 
substance at which that substance vaporizes. This tempera- 
ture is commonly called the point of vaporization or boiling 
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'point of the particular substance. Furthermore, heat (posi- 
tive disgregation heat, Sec. 104) must always be added to it 
to change a substance from the liquid to the gaseous state. 

Hence, vaporization is an effect 
of heat. This subject is fully 
discussed in Div. 10. 

Note. — “Liquefaction” Or “ Con- 
densation” Is The Opposite Of 
Vaporization. — It is the transition 
of a substance from the vapor form 
of the gaseous state to the lic|uid state. 
(In general parlance “condensation” 
means the reduction of a vapor or 
gas to the liquid or solid state or of a 
liquid to a solid or semi-solid state. 
But in technical usage the term is 
usually now employed to imply only 
“the reduction of a vapor to the 
liquid state.”) Heat- — negative dis- 
gregation heat — must be given up by 
it when a vapor liquefies. Hence, 
liquefaction is an effect of heat 
abstraction. 

Note. — Meeting And Vaporization Are Called Constant-tem- 
perature Processes because the heat required to effect them is expended 
in disgregation work (Sec. 98) and not in vibration work (Sec. 97) which 
would raise the temperature. 

E/ecfr/ca/ Conmethn- 



Pig. 154. — Vaporization is the transition 
from a liquid to a gaseous condition. 


Heating' Co//'.^ ,, 

Air- 
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(A/r Jet Accelerates Evaporation) ^ieefriep Ei^gt^ (Pure Crgsia/s Form On Funnel) 

Fig. 155. — ^Laboratory methods of vaporization and sublimation. 


When a block of ice melts to water, the temperature of the resulting 
water will (Sec. 96) be that of the original block of ice. A great quantity 
of heat — ^positive disgregation heat — has, nevertheless, been absorbed 
in this process of fusion. Conversely, when a liquid substance solidifies, 
negative disgregation heat is given up by it. 
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Water may be converted to steam (Fig. 156) without a change of 
temperature (Sec. 96). Or steam may be condensed to water (Fig. 157) 
(Sec. 329) without a change of temperature. In the first instance, 
however, the process can be consummated only by addition of a relatively- 
great quantity of “positive’^ disgregation heat 
and in the second instance only by a correspond- 
ing subtraction of “negative” disgregation 
heat. 



VVc/Ter or Steam- - 

■ConolQnsecI-' Steam Hot -V/ater- - - 


te 
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Fig. 156. — Change from 
liquid to gas with tempera- 
ture constant but with ad- 
dition of heat. This process 
may be reversed. 


Fig. 157.—— The condenser. The heat added to 
water in the boilers to convert it to steam is given 
up in the condenser to the cooling water. Thereby, 
the steam is reconverted into water. 


163. Sublimation Is The Direct Transition Of A Substance 
Which Is In The Solid State To Its Vapor Form Of The 
Gaseous State, without its, apparently, passing through the 
liquid state. All solid substances sublime (theoretically at 
least) at any temperature. The process is somewhat similar 
to, but not the same as, vaporization; see explanation below. 
In general, sublimation is a very much slower process than is 
vaporization. Obviously, sublimation can occur only at 
temperatures below the freezing point — or melting point. 
Thus the molecules of a solid substance 
are found in the vaporous condition above 
the surface of a solid as well as above 
that of a liquid. Sublimation is of minor 
practical importance in power-plant work 
but is widely used in the chemical indus- 
try as a method of purification. 

Examples. — Snow And Ice Will Sublime 
even though the temperature of the surrounding . 
air is considerably below the freezing point — so 
low that the snow or ice can not melt. Damp clothing, which have been 
hung on a line out-of-doors and then frozen, will become dry in a freezing 
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Fig. 158. — Some soHds 
may change to gas with- 
out becoming liquid. 



142 


PRACTICAL HEAT 


{Biv. 6 


fcemperatoe. If a piece of solid iodine (Fig. 158) is plaood on a watch 
crystal, and heat is applied, the iodine will sublime directly into a vapor. 
It will not, apparently, undergo a preliminary liquefaction. The odor 
of camphor will, due to the sublimation of the cami>hor, l)e quickly 
recognized, some distance away, if a quantity of camphor gum he exposed 
in a current of air. In general, odors of all sorts, from solid bodies, arc 
evidences of sublimation. 

Explanation Of Sublimation. — A molecule which is very near the 
surface of a solid body may bounce entirely out of it (Fig. 287) witliout 
colliding with others. Since such an escaping molecule is already moving 
at an extremely high velocity, it continues in its now imobstrucicul patlu 
Soon, it flies so far away from the body that the remaining mokxmk‘s (in 
the* solid substance) exert no attractive force on the insurgent, 'rho 
molecule, now being free of the restraints which were imi)oscd on it in the 
solid, becomes a gas or vapor molecule. 

164. The “Heat Of Sublimation,^’ somet'mes also calhxl 

the latent heat of sublimation, is the amount of usually 

expressed in British thermal units — required to sublimcq or to 
convert into a vapor, a unit weight — usually 1 lb.— of the solid. 
The heat of sublimation can be conveniently calculated a,s the 
difference between the heat content of the solid and that of the 
vapor. At the trifle point for the substance (wluch is that 
temperature and pressure at which a substance can exist in 
either the solid, the liquid, or the gaseous state) it is true that: 
(90) Heat of sublimation == {Latent heat of f usion) + (Latent 

heat of va.i}()n'r:<t{i(ai) 
The above For. (90) will also hold quite closely for any tcun- 
perature of the solid near the triple-point temperature. More 
accurately, for any given temperature of the solid, tlu^ heat of 
sublimation is (very closely) the same as the nevt amount 
of heat that is necessary to: (1) TFarm the solid to its melting 
point (2) Melt the solid. (3) V aporizc the rexv dti n g liquid. (4) 
Decrease the temperature of the resulting vapor from that of the 
vaporization to the given temperature at a constant (luality of 100 
per cent. This heat to decrease the temperatm*e is a sub- 
straction — not an addition. 

Example. — At 32° F., the latent heat of vaporization for water is 
1,073.4 B.t.u. per lb., as is shown by steam Table 394. The latent heat of 
fusion of ice, from Table 291 is 143.33. What is the heat of sul>limation 
of ice at this temperature? Solution. — Substituting in For. ( 90 ); Heat 
of suhliTnatiou = {Latent heat of fusion) {Latent heat of vapofization) 
143.3 -h 1,073.4 = 1,216,7 B.t.u. 'per lb. 
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165. Viscosity Is The Internal Friction Of Liquid, Semi- 
liquid, Or Plastic Substances. — It occurs as the molecules 
flow by one another. Every substance possesses this internal 
friction in some degree. Practically all solid substances, 
acquire, when heated, a tendency to flow. That is, their 
viscosities decrease as their temperatures increase; they 
become liquid, semi-liquid, or more or less plastic. The 
viscosities increase as the temperatures diminish. Thus a 
change of viscosity is an effect of heat. 

Note. — The Flowing Tendency — The DiPii'ERBNCE In Viscosity — 
Op Substances Is, Obviously, The Chief Difference, Between 
Solids And Fluids. Is is commonly assumed that: A fluid is any 
substance that exhibits a definite flow to oi'dinary observation. By this 
definition, both the molten iron gushing freely from the tap-hole of a 
foundry cupola, and the stream of thick slag rolling ponderously and 
sluggishly from the slag-hole, are fluids. Likewise, this definition of a 
fluid includes all gaseous substances. However, the definition eliminates 
from consideration all apparently plastic substances, as masses of 
beeswax, moist putty, building mortar, and the like. 

Examples. — A wax candle (Fig. 159), whether held horizontally or 
vertically, will ultimately bend under its own weight in a warm room; it is 
highly viscous. A mass of relatively cold pitch, 
apparently hard, is likewise susceptible to 
changes of shape, due to its own weight. 

Bodies of other viscous substances such as 
molasses, honey, tar, oil and similar substances, 
undergo changes of shape somewhat in the 
manner of true liquids, as water, though less 
rapidly. A mass of solid lead, at normal tem- 
perature, will flow when subjected to pressure. 

166. The Viscosity Of A Substance 
Varies With Its Temperature. — The 

higher the temperature the less the 
viscosity. The wax of a candle (Fig. 

„ . ,, ., . Tx 1^3ca. 159. — A wax candle 

159) IS, normally, quite viscous. It becomes soft in a warm 
may, V however, be readily heated to a room. 

Jbemperature that will vastly diminish its 

viscosity. Under a very high temperature the wax will become 
extremely thin and fluid. The viscosity of lubricating oils 
likewise varies, though to a far less extent, as the temperature 
varies. The quantitative effect of temperature on viscosity 
varies with the different materials. 
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Note. — Mobility Is, In A Sense, The Oi-’ VI^4('!<,)SlTY.- — 

A very thin liquid, that pours readily and splashes freely, is saitl to possess 
mobility. 

167, The Specific Viscosity Of A Liquid is the ratio of the 
time consumed by a certain volume of tlie lif|uitl (Fig. 160), 
at 60° F., in flowing through an orifice, to the time consumed 
by an equal volume of distilled water in flowing, under the 



Fig. 160. — Showing difference in viscosity Fig. 101.— Showing iliiTiTCsncc in viscoHity 
of oil and water. of hot and etdd inatcriul. 

same conditions, through an orifice of the saim^ dimeusionB. 
The quantity of the liquid is usually taken as 50 c.c. (cubic 
centimeters). 

Note. — The Temperature In Viscosity Tests is often taken at 
other than 60'’ F. It may be 120° F. For many piirpones, 212° F. 
may be a convenient test temperature. When a lul )ricating oil is intemkHl 
for an engine cylinder using superheated steam, or for an internal- 
combustion engine, the test temperature is corrcispondingly higln It iB 
important that viscosity tests of lubricating oils 161) be made at 

the temperatures under which the oils are to be ximd, 

168. Many Solid Substances Possess The Property Of 
Absorbing Or Liberating Gaseous Substances.— Tcun jxn n, I, arc 
— ^the degree of heat — is often a determining factor in these 
phenomena. A solids^ capacity for absorbing a gas is gemu’ally 
less when the solid is hot than when it is cold. Heat is often 
liberated by the absorption of a gas by a solid. 

Examples. — A fine platinum wire, held in a mixture of hydrogen and 
ftxygen gases will absorb the oxygen very rapidly. The wire will, 
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spontaneously become heated to incandescense and will finally ignite the 
surrounding gas; see explanation below. Endeavors have been made to 
utilize this principle (Figs, 162 and 163) in the making of gas-lighters. 

A quantity of wood charcoal (Fig. 164) will absorb a quantity of gas 
which, normally, may occupy many times the volume of the charcoal. 
Boxwood charcoal will absorb a volume of ammonia equal to 90 times its 
own volume. Tjikewise, it will absorb 35 times its own volume of carbon 
dioxide. 



Fig. 162, — A gas lighter. Platinum 
black glows due to gas absorption. Plati- 
num wire is thereby heated, becomes in- 
candescent and lights gas. 


Supporting 



Fig. 163. — A platinum-wire 
gas igniter. 


Explanation. — It is claimed that all solid substances will, at their 


surfaces, exert an attraction on the molecules of gases with which they 
are in contact and that this attraction is of such a nature that a more or 
less thick layer of the gas is condensed on the surface of the solid. Thus, 
solids such as charcoal, which because of its porous structure exhibits a 
large external surface, will “absorb’’ more gas than structurally dense 
solids. The attractions of the molecules of different solids and different 
gases are not the same. Freshly made dogwood charcoal (used in making 
the best gunpowder), when pulverized immediately after its preparation, 
often takes fire spontaneously on account of the heat liberation which 
accompanies the condensation on its surfaces of oxygen from the air. 



Likewise, when platinum in a finely 
divided state known as 'platinum 
black (Fig. 162) is placed in a 
mixture of oxygen and hydrogen, 
the oxygen rapidly condenses on 
its surface and gives up its latent 
heat of vaporization (Sec, 322). 

This raises the temperature of the 
surrounding particles of gas to the 
point where they combine slowly. 

This slow burning, however, gives 
off much heat to the surrounding 
particles. Hence, the temperature of the gaseous 
reaches a value which explodes the mixture. 

^0 


-Ammoniot 



I-N-j- C:-?:>rcca: ' lI Vi ; :'. Cr i 


Fig. 1G4.- 


■Illustrating absorption of a gas 
by a solid. 


mixture quickly 
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Note. — ^The Gas-absoeptive Property Of Charcoal Rbndeeb It 
Valuable For Counteracting The Noxious Effects Of Cases 
Resulting From Animal And Vegetable IIecay.— -I t is c-ommoiily used 
for clarifying the air in the holds of sea-going vessels, and in tunnels. 
Charcoal made from nut shells is extensively used in gas masks for absorb- 
ing poisonous gases. * 



Fio. 165. — Showing variation of solubility of carbon dioxide in water with variation of 
temperatures. (Plotted from Smithsonian Tables.) 

169. Liquid Substances Possess The Property Of Absorb- 
ing Or Liberating Gaseous Substances.— A liquid will gtmor- 
ally absorb (Fig. 165) more gas when it is cool than when it is 
hot. 



Fig. 166. — Showing effect of heat on the Fia. 107.-— Air absorption of water 

amount of ammonia gas held in a water at variovis temperaturoH. 

solution. (Plotted from values in Mark's 
‘‘M echanical Engineers’ Handbook.”) 

Examples. — Ammonia gas is readily absorbed (Fig. 166) by cool wat/or. 
The resultant mixture is known, commercially, as aqua ammonia 
(^ammonia water). Boiling will expel the gas from a mass of aqxia ammo- 
nia. These principles are utilized (Sec. 637) in the operation of absorption 
refrigerating systems. Water (Fig. 167) is always impregnated, more or 
less, with air. Slow heating of a quantity of cool water (Fig. 168) causes 
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small bubbles to appear. These are due to release of air from the liquid. 
Fish breath air from the water in which they live. 

Note. — Pre-expulsion Op Oxygen And Other Gases From The 
Boiler Feed Water In Power Plants Is Often Necessary. — Such 


gases might otherwise become distilled from the 
water after it enters the boilers. Thus they 
would be rendered free to form corrosive acids 
within the boilers. By preheating the feed- 
water (Fig. 169) much deleterious gas may be 
driven off. 

170. Many Solids Are Soluble In 
Liquids. — If a small permanganate-of- 
potash crystal is dropped into a vessel 
of water, the adjacent water will, im- 
mediately, become colored. By degrees, 
all of the water will become colored. 
The crystal has dissolved in the water. 
Similarly, if sugar crystals be placed in a 
tumbler of water, they will dissolve 
therein. The water will become sweet. 
Heat is usually liberated or absorbed 
while a solid goes into solution in a liquid, 
an effect of heat. 



1 
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Fio. 168. — If a glass of 
cold water is placed in the 
sun’s rays on a hot day 
and allowed to stand until 
warm, small air bubbles 
will cling to surface of 
glass. Air was in solution. 


Hence, solution is 


Exampi.es. — Water is a solvent for a greater number of different solids 
than any other known liquid. Alcohol is a solvent for some solids for 



Fig. 169.— -Showing effect of heat on amount of oxygen held in a water solution. 

which water is not. Thus, resin and shellac dissolve readily in alcohol 
but not at all in water. Most greases are soluble in benzine. Beeswax is 
soluble only in turpentine. Sulphur is soluble in carbon bisulphide. 
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171 The Quantity Of A SoUd Which A Given Liquid Will 
nSoiveTs Determined By The Nature Of The Substances 
aS tLS Temperatures (Fig. 170). Water will dissolve 



Temp, in D e g r c e t, C^o.. 

Fxa. I70.-Showing the efieot of host on 

Hmithsonian Physical lablo.) 



Fig. 171. — A hot liquid Fia. 172. — Graphs showing variation with 

usually dissolves more of a tempcraturo of tho solubility of various sub- 

soHd than will a cold one. stances in water. (Amx Smixii, “Collogo 

Chemistry.” ) 


about three times as much table salt as will alcohol- When a 
liquid, at a certain temperature, has dissolved all of a certain 
solid which it will absorb, it will, generally, dissolve naore 
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(although sometimes less) of the solid if the temperature of the 
liquid is increased (Fig. 171). The effect of variations in 
temperature on the solubility of various solids in water is 
shown graphically in Fig. 172. It will be noted that common 
salt (sodium chloride) has an almost constant solubility. The 
rate of dissolving of salt is, of course, much greater at a higher 
temperature. Also, the rate of dissolution (rapidity of dis- 
solving) may usually be increased considerably by raising the 
temperature. 

Note. — A Saturated Solution exists when a liquid has dissolved all 
of a sul)stance which it will absorb from the solid form at that tempera- 
ture. The solution is then said to be saturated. 

172. Dissolving Solids In Liquids Often Causes A Tem- 
perature Change. — When there is a temperature change tiiere 
is usually a volume change also. That is, the solution will 
occupy a different volume from the sum of the volumes of the 
solid and original liquid. Sometimes heat is absorbed; 
sometimes it is given off. The volume of the solution may be 
greater or less than the sum of the volumes of the solid and 
original liquid. Some substances dissolve or unite with water 
with the liberation of much heat. When this occurs, a well- 
defined chemical reaction has usually occurred. 

173. The Vapor Issuing From A Hot Solution Is, Generally, 
Free From Solid Matter.— The solids are left in solution in 
the containing vessel. Hence, if all of the liquid content of a 
solution is boiled away, the total solid portion may thereby 
be recovered. This phenomena is of considerable importance 
in power-plant operation. The solids which are carried in 
solution in the boiler feed water are deposited on the interior 
of the boiler shell as the water is evaporated and passes away 
as steam. Similar solid-matter deposits occur in condensers. 
A somewhat similar phenomena is distillation, (Sec. 345). 

Note.— Some Solids Are Held More Readily In Cold-water 
Solutions Than Hot-water Solutions. — ^This is an additional cause of 
solid-matter deposits in steam-generating vessels. Thus, natural waters 
frequently contain calcium bicarbonate which, when heated to about 
212° F., decomposes giving calcium carbonate, a relatively insoluble sub- 
stance. The calcium carbonate collects on the interior surfaces of the 
yegggl forming a spongy solid mass. Another salt, calcium sulphate, 
comes less soluble when heated to about 300° F. than when cold- If, 
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due to evaporation, a solution becomes concentrated with calciiini sul- 
phate, this salt will settle as a hard, porcelain-like coating inside the 
boiler — ^it is very difficult to remove and offers great resistance to the 
passage of heat through it. 

174. ^‘Scale” Is The Hard Substance Which Forms On 
The Interior Surfaces Of Boilers And Power-plant Auxiliaries 
Which Carry Hot Water. — Scale is foi*med (See. 345) by 
precipitation and hardening of tlic solids 
(salts) carried in the cold, or relatively cold, 
feed water. Scale is usually formed from 
'^hard^' water. Hard water may be de- 
fined as water which contains in solution 
mineral compounds that curdle or precipi- 
tate soap when soap is added to the water. 

Important among the many scale-forming 
solids found in boiler-feed and condensing 
waters are calcium sulphate, calcium car- 
bonate, magnesium sulphate, and magnesium carbonate. 

Note. — When Successive Inceembnts Of The Above Si»ecified 
Solids Aee Peecipitatbd in a containing vessel, as a steam boiler, they 
become cemented (Fig. ^173), by absorption of heat from the heating 
surfaces, into a solid and more or less hard coating of scale. Such scale 
clings tenaciously to the metal surfaces. Since scale is a very poor 
conductor of heat, it affects economy very adversely. Tliis subject is 
further treated in the author’s Steam Boilees. 

176. Heat Energy May Be Transformed Directly Into 
Electrical Energy. — When two dissimilar metals, as anti- 
mony and bismuth, are placed in contact, an electromotive 
force develops at their junction. If the two metals be con- 
nected to form a closed circuit (all parts of the circuit being 
at the same temperature), electromotive forces will also be 
produced at the other junctions of dissimilar metals and the 
sum of all electromotive forces in the circuit will be zero— 
hence no current will flow in the circuit. But if one junction 
of the dissimilar metals is heated, as in Fig. 174, a decidedly 
larger electromotive force will be developed at that junction. 
A current will then flow in the circuit. 

Note. — ^Except In The Consteuction Of Pyrometees (Fig. 176) 
There Are Few Practical Applications Of The Electrical Ewect 


ScCT/e.. 



Fig. 173. — Section of 
tube from fi r e-t u b e 
boiler showing deposit of 
scale around it — ^due to 
heat. 
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Op Heat. — The current flowing (Fig, 175) is an indication of the differ- 
ence in temperature between the hot joint, H, and the cold joint, C. If a 
sufficient number of thermo-couple cells (Fig. 174) be connected in series, 




Fig. 175. — Principle of the 
thermo-couple electric pyrom- 
eter for measuring high tem- 
peratures. 


the resulting battery will furnish enough energy to heat, to incandescence, 
the filament of a small electric lamp. 


176. Light May Be Regarded As An Effect Of Heat. — It is 
the visible criterion of radiant energy (Sec. 31). Hence, 
since radiant energy is emitted only by hot bodies, heat may 
be considered as a fundamental source of light. Light waves 
can be shown to also carry radiant heat. This may be shown 
by causing the light to impinge upon surfaces which possess 
certain qualities. A black surface is the best absorber of light. 
A black surface is always found to absorb heat as it absorbs 
light. 

177. “Radiant Energy” Is A Vibratory Motion In The 
^ther. — When an object is heated, the molecules which 
compose it are made to vibrate more rapidly. These particles, 
being in contact with the aether, set it in motion. Thus, the 
vibrations are transmitted away from the object as radiant 
energy. Heat which is transmitted by radiation is radiant 
heat. See Sec, 138 for a further discussion of this subject. 


Examples. — The heat which reaches the earth from the sun is radiant 
heat. A hot stove will radiate heat. The radiant heat from the sun 
will warm the interior of a greenhouse, even when the outside air is cold. 
This proves that the sun's radiant heat is transmitted through the aether 
rather than through the air. Radiant energy (light or heat) will cause 
radiometer (Fig. 176) to rotate. 
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178. Radiant Energy May Be Said To Be Visible Or 
Invisible according to tire length of its wave in the tether. 
Waves in the tether may be thought of as similar to the waves 
which travel along the surface of a pool 
of quiet water when a pcl)l>le is dr<:)|)pod 
into it. The wave length (see Tal)le 19) 
is the distance from the crest of one wave 
to the crest of the next. /Ether waves 
have different wave lengths. Waves of 
lengths from about 3^^54.000 in. to 3 3*2.000 
in. act upon the neiwcs of i-hc eye and 
thereby produce the sensation of sight. 

Pig. 17G. — Light from the Him or from ft caiuilo 

will cause the radiometer to rotat.e. The alumiiuim 
vanes are coated on. one side with lamp black which is 
a good absorber of radiant energy. If only a slight 
vacuum exists in the bulb, the I'ancH will ho rotate that 
the blackened sides move toward the light. The explan- 
ation of this action is: The black fae<*H absorb radiant 
energy and arc heated thereby. TIkj air imnie<lial,ely 
adjacent to these black faces i.s also heated. Th(» heated 
air rises by convection and thus causeH a alightly Hinallcr 
pressure on the black face of a vane than on its bright 
face. This slight dUIorence of pressure causes rcjtation. 
But if the bulb is very well cxhauHt<HL its roiati<,»n will bo 
such that the blackened faces move aw'ay from thes light. 
The explanation of this action is too lengthy to Ix^ given 
here; the reader is referred to a good textbook on physics. 

Such are called light waves. Heat waves are longer than light 
waves varying in length from about i';i'2.ooo in- to H.ooo in. 

Note. — Waves Shorter Than K4.000 In. Do Not Affect 'The 
Eye-nerves, hence they are invisible. Biit some of thcBO Hhort waves 
will cause certain chemical actions — ^they will cfiuso reactions in the coat- 
ing on a photographic plate. These invisible short waves arc called 
ultra-violet waves. 

Note. — ^Light-, Heat- and Electric- waves Are All Waves 

AND All Travel At The Same Speed, which is about 186,000 mi. per 
sec. But they differ in wave length, that is, in frequency. I^Ikadrictd, 
or wireless-telegraph and telephone waves are im.ich longer (they may 
be several miles long) than heat-waves. However, they possess the 
same general characteristics. Herein is evidenced the close connection 
between — or possibly the fundamental identity of — -light, heat, and 
electricity. See the Author's Practical Electric iLT^UMiNATroN for 
* a further and detailed explanation of the transmission of radiant energy 
through the aether. 




179. Table Showing The Wave Lengths Of Radiant Energy. — Waves shorter, even than those here 
listed are radiated in the form of X- and gamma rays. (From the Smithsonun Tables.) 
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180. Different Wave Lengths Cause Different Color Sensa- 
tions. — See Table 179. When the vibrations of the particles 
of a heated substance become so frequent that 400, 000, 000,000- 
000 waves are transmitted per second (wave length = aboxit 
J^ 4 ,ooo color sensation of red results. If the sub- 

stance is heated to higher temperatures, its molecules vibrate 
still more rapidly as its temperature increases. Its coolers 
then successively are: (1) Red, (2) Blood 'Red. (3) Dark 
Cherry. (4) Medium Cherry. (5) Cherry or Full Red. (6) 
Bright Red. (7) Salmon. (8) Orange. (9) Lennon. (10) 
Light yellow. (11) Straw. (12) Light straw. (13) White. 
jEach color corresponds to a certain temperature as shown in 
Table 63. These colors are utilized as (-(‘.nqHiratiirc'. indica- 
tion in tempering steel. 

Note. — When A Beam Of Sun Light Is Bboicen Up Into Its Dif- 
FERENT Component Colors, By The Interposition Of A Glass 
Prism in its path, the colors in the resulting spectrum appear (Table 179), 
in a descending progression as to wave-length, as red, orange, yellow, 
green, Hue, indigo, and violet. This shows that the light emitted by the 
sun is due to waves of all visible lengths. We know, from common 
observation, that heat waves are also radiate<l from the sun. It has 
also been shown by careful experiments that all “light” waves are, at 
the same time, radiant “heat” waves — ^that is, that all light waves will 
heat a substance in which they are absorbed. 

181 . The Specific Purpose Of All Forms Of Illuminating 
Devices, Or Lamps, Is To Disseminate JEther Waves.— 
In the design of lamps it is particularly sought to secure a 
maximum of lighting effect with a minimum accompaniment of 
heat. Perfection in the operation of a lamp would be attained 
if it emitted light waves only without heat waves. Since, 
however, light waves are at the same time heat waves, the 
desired result has never been realized. Issuance of light with 
practically no liberation of heat may be observed in the physio- 
logical processes of the glowworm and firefly, and in certain 
other phosphorescent phenomena. In these, the rate at which 
the heat is liberated is so slow that the temperature, of the so- 
called heatless?'' light sources, remain low. But artificial 
duplication of these natural processes, upon a commercially 
practicable scale now appears to be unattainable. 
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Note. — An Obdinaby Kerosene Lamp, gives off as light (luminous 
radiant energy) only about 0.04 per cent, of the available energy in the 
oil- The remaining energy is dissipated in the surrounding air as non- 
luminous, radiant energy and in heating the air by conduction. Carbon- 
filament electric lamps give out, as light, only about 0.4 per cent, of the 
electrical energy which they consume. Gas-filled Mazda lamps give out 
about 3.0 per cent. Some highly efficient arc-lamps give out as light 
7.0 per cent, of the total electrical energy which they consume; the 
remainder, 93 per cent., is given out as heat which warms the 
surrounding atmosphere and objects. 

Note. — The Eepiciency Op A Lamp Ordinarily Increases As The 
Temperature Op The Illuminating Element Increases. — The 
filament-temperature in a gas-filled electric lamp is much higher than in 
any other type of electric filament lamp. This accounts for its rela- 
tively high efficiency. 

Note. — Momentary Keductions Op The Voltage Which Oper- 
ates An Electric Lamp Results In Corresponding Momentary 
Diminishments Op Its Lighting Effect. — A small voltage-diminish- 
ment produces a considerable decrease in lighting effect. Such fluctua- 
tions of emitted light are due directly to the very slight decreases in 
filament-temperature which attend the momentary drop of voltage. 
On the other hand if the temperature of the filament is kept higher than 
that for which it was designed, the “life’’ of the lamp will be greatly 
curtailed. Hence the importance of maintaining the filaments at as 
high — ^but at no higher — a working temperature as is consistent with 
considerations of durability is evident. This subject is discussed fully 
in the author’s Practical Electrical Illumination and American 
Electricians’ Handbook. 

182. If The Temperature Of An Electrical Conductor Be 
Increased, Its Resistance To Current Flow Will Generally 
Be Increased. — Thus the power available at the receiving end 
of a transmission line may decrease as the temperature of its 
conductors increases. This principle is utilized in certain 
temperature-measuring instruments. See Sec. 669 for a 
description of a resistance pyrometer. 

Note. — The Attractive Force Op A Permanent Magnet is 
decreased by applications of heat. Thus if a horseshoe magnet is heated 
its magnetic strength is decreased. This effect of heat can be verified 
by the following simple experiment; Take an ordinary darning needle 
and stroke it over a permanent magnet a few times. The darning needle 
will then attract other needles; that is, it has been magnetized. If the 
needle is then heated in a flame to a red heat and allowed to cool, it 
will be found that it does not attract other needles anymore; hence it 
has lost its magnetism. 



183. Table Showing Strengths Of Metals At Various Temperatures.— The strength of the metal at 
70° F. is taken as the basis for comparison. These data are plotted into the graphs of Figs. 177 
and 178. 



WrougMiron,.,.. I.}>, por si. i-. 4S, 000 | 50,000 53,800 ; 55, SOO i 46,100 ; 36,500 j 20,200 j 12,000 
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184. The Strengths Of Metals May And Generally Do 
Vary With Their Temperatures. — High temperatures (Table 
183— Figs. 177 and 178) generally reduce the strengths of metals. 
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Fia. 177. — Showing percentage varia- 
tion in strength of different metals with 
variation in temperature. (Values com- 
puted from those of Pig. 178.) 


Fig. 178. — Graph showing variation of 
strengths of metals as temperature 
rises. (Plotted from values in Machinery’s 
Hanpbook, p. 300.) 


But low temperatures may also produce weakening effects; 
a freezing temperature (32° F.) renders steel, very brittle. 
Other metals also become extremely brittle at low temperature. 


QUESTIONS ON DIVISION 6 

1. What are the three possible effects of adding heat to a substance or abstracting 
heat from it? 

2. What is a 'property of a substance. Name several properties. Can properties be 
changed? 

3. Define a process. Give several examples of processes. 

4. What is a physical process? Give several examples. In this division, what phys- 
ical processes are discussed? 

6. Explain the difference between a reversible and an irreversible physical process 
and give examples of each. Into which class do most physical processes fall? 

6. What is a chemical process? What four general types of chemical process are 
there? Explain each and give examples. 

7. Explain what heat effects may accompany chemical reactions. Give examples. 

8. Define dissociation. What is the difference between a dissociation and a decom- 
position? Give examples to illustrate the difference. 

9. What causes a body to expand? Explain. 

10. What is contraction? 

11. How may expansion of materials be utilized for doing work? Describe two 
examples in full. 

12. What is metting? Fusing? 

13. What is the transition of a substance from liquid to vapor called? 

14. Does the temperature of a substance change while the substance is in process of 
melting? While in process of vaporization? 

15. Does melting or vaporization of a substance require absorption ol additional heat 
by the substance? 

16. Give some examples of the sublimation of solids. 

17. Explain what happens when a solid sublimes- 
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iS. What is viscosity? 

19. How is a solid distinguished from a liquid? 

20. What is the effect of temperature upoii the viscosity of a substance? 

21. How does a liquid manifest mohilityf 

22. What, in general, is specific viscosity? 

23. At what temperatures are the specific viscosities of substances dcfmod? 

24. How does temperature affect the gas-absorptive property of solids? 

25. Explain fully how gases are absorbed in solids. 

26. Give examples and uses of gas-absorptive solids. 

27. State the phenomena by which the gas-absorptivo property of liquids may be 
demonstrated. 

28. What liquid is it that will dissolve a greater number of different solids than any 
others? Name other solvents. 

29. Upon what factors does the dissolving capacity of a li(iuid depend? 

30. What effect does the dissolving of a solid in a liquid have on the temperature of 
the solution. Discuss in full. 

31. Do vapors carry solids in solution? What is the special significance of this fact 
in power-plant operation? 

32. How is scale formed in a steam boiler? 

33. Describe an apparatus for generating electrical energy directly from heat. How is 
it used commercially? 

34. What is light? What are some of the characteristics of light? What is the 
cause of light? What is color? What is the relation of color to temperature. 

35. Are ordinary lamps efficient in their production of light? What effect do changes 
of temperature of the illuminating element of an electric lamp, produce in the quality of 
the light afforded? 

36. How does temperature affect the strength of metals? 

37. How is the electrical resistance of a substance dependant on its toniperaturo? 
What commercial use is made of this fact? 
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EXPANSION AND CONTRACTION OF SOLIDS 
AND LIQUIDS 
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186. ‘‘Addition Of Heat Causes Expansion, Withdrawal Of 
Heat Causes Contraction’’ (Fig. 179) is, in general, true for 
all substances. There are, how- 
ever, certain exceptions; see Sec. 

187. This subject has abeady 
been discussed, briefly, in Sec. 

159. There it was explained 
that addition of heat causes an 
increase in molecular vibration. 

Hence, expansion results. With- 
drawal of heat causes a decrease 
in molecular vibration. Thereby, 
contraction ensues. In this 
division, the subject will be treated in more detail 
186. Expansion And Contraction Of Solids will be consid- 
ered first. In general, when the temperatu^ of any solid is 


f' / ’'s -'.'/''cSjn 

Fig. 179. — Heat expands objects. 
(When cold, both the hole H and ball B 
are of the same diameter, then B will 
just pass through H. But, when B is 
heated, it will not pass through if.) 



Fig. 180. — Girder bridge with provision for expansion (bridges over 100 ft. long 
usually have roller bearings; from 50 to 100 ft. span may have friction shoes instead of 
roller shoe), 

increased, it becomes larger. When its temperature is 
decreased, it becomes smaller. Many examples of these 
phenomena are familiar to all. 

159 
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Examples. — Electric wires on pole-lines sag further on a hot clay tha,n 
on a cold day. Railway track-rails expand on hot days, and buckle. 
This niay cause wrecks. Steel bridges have expansion joints (Figs. 180 
and 181), so that expansion of the span will not cause damage. Wagon 
tires are heated to render them sufficiently large to fit over the felloes; 



Fig. 181. — Swinging-Jink expansion joint used in roinforcod-conort^to viaduct. 


in cooling, the tire contracts and renders the whole very rigid. In making 
machinery, metal collars are, often, expanded by heat and then allowed 
to shrink firmly onto shafts. Brick power-house chinmeya are often 
made double so that excessive expansion of the inner shell will not affect 
the outer. A heated journal in a bearing may expand and become 
siezed. 



Fig. 182. Illustrating tke effects of freezing in a olosed vessel. A hollow oast iron 
ball filled completely with water and plugged is placed in a pail containing ice and salt. 
As the water freezes, it expands and the force of expansion breaks the hall. 

187. Exceptions To The General Rule That Heating 
Expands Substances And Cooling Contracts Them, are these: 
As water is cooled, it contracts until its temperature has 
decreased to 39.2° F. (4° C). But as it is cooled further, it 
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expands. It may solidify into ice. But, as is common knowl- 
edge, ice occupies greater volume than the water from which 
it forms and may, in freezing, break pipes (Fig. 182) and split 
rocks. See following Sec. 209 for a further discussion. The 
metals iron, antimony, and bismuth contract on melting and 
expand on solidifying. The contrary might reasonably be 
expected since, obviously, melting requires the addition of 
heat. On the other hand, certain other metals — gold, silver, 
and copper, for example — expand in melting and contract in 
solidifying. Hence, these latter metals cannot conveniently 
be cast but must be stamped. 

188. The Amount Of Expansion For The Same Temperature 
Increase, Is Different in Different Substances. — ^Likewise the 
amount of contraction, for the same temperature decrease, is 
different. These facts have been verified, experimentally, 
many times. This property is utilized practically in a number 
of different devices, as explained in the examples below: 


Example. — Rubber (see Table 192) expands 0.000,042,8 of its length 
for each degree Fahrenheit temperature increase. Cast brass expands 
0.000,010,4 of its length per degree Fahrenheit. Thus, the expansion of 
the rubber is about four times as great as that of brass. Hard glass, 
however, expands only 0.000,003, 3 of its length per degree Fahrenheit 
increase. 



Fia. 183. — The compound bar (cold 
and heated). 


. Temper In SciwBloic^e Here fo 

vA- Permit Punchirtcf of Screw 

jC • rHolee 


r^t'aeoi.'e 


ZincStrhXoNcreofAuf^ ' 

Together- ' Spring.' 


Paper. 

Protrazfor 

! Hac/rcofw il!ap:e ar.pi 


Fx 0 . 184. — Home-made thermometer 
operating on the compound-bar princi- 
ple. (L. Pyle in Popular Mechanics.) 


Example. — If two similar strips of metal which expand at different 
rates are fastened together (Figs. 183 and 184) by riveting or welding, 
the strains which occur when the com'poxmd bar is heated will cause the 
bar to bend, somewhat as shown in the illustration. This principle is 
applied in various devices and instruments. The bending is due to the 
fact that the length of one of the component strips increases more for 
the same temperature rise than does the length of the other. 

Example. — Thermostatic Metal (Figs. 185, 186 and 187) is made 
by welding together permanently, through their entire length with the 
11 
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oxyacetyleue flame, two strips of metal which have widely different 
expansion coefficients. It is used for temperatxire indication, teinpera- 



Fio. 185- — Force exerted by a Oencral Fio. ISO- — Deflection of General 

Blectric Company thermostatic metal Elextric Company therm oMtatie-metal 
strip for a 100* F. temperature change. strip with the tomperature. 


ture control, or temperature compensation in: oven thcn'mainctcrs, 
electric heaters, ice machines, refrigerators, thcnn()Hi,a.t,s, autoiuolxilc 


Thermostatic Mefc/i 



ignition control, battery “Charging 
control, electric-signal control, and 
carburetors. 

Examiu. 3S. — The t h c r in o s t a t 
(Fig. 188) operates on the com- 
pound-bar (Fig. 183) principle, A 
thermostat may bo xised for closing 
the circuit in an elcctric-signal 
system, to sound an alarm, if the 
temperature bccxuues excessive. 
Thermostats are also used to regu- 
late the dampers in heating 
systems. Thereliy, they provide 
automatic heat contx-oL When 


Fig. 187. Showing probable apparatus the rOOm bccomeS tOO warm, the 

employed in testing thermostatic metal x x i i i • t 

atrip in determining the value, irom which t^e«nOStat-bar boilds Ui OllO direC- 
Fig. 185 was plotted; the metal strip was Completes tho dampor- 

probably enclosed in a tube wherein any closing circuit. If the rOOm 1)6- 


desired temperature would be provided. 
The values from which Fig. 186, was plotted 
were probably obtained by permitting the 
metal to deflect free — that is, without using 


comes too cool, the thormostat-bar 
bends in the other direction, and 
completes the daxnijcr-ijxicning 


the spring balance. 


circuit. 
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Example. — Clock pendulums will, due to temperature changes, 
vary in length, unless some compensating arrangement is provided. 



.•Yoke 



PiQ. 190. — Compensated pendulum. 



Fig. 189. — Pendulum with wooden 
supporting stem to minimize efifects of 
expansion and contraction. 



Fig. 191. — Compensated balance wheel* 
for a watch. 


Variation in pendulum length may cause the clock to run either too 
fast or too slow. Wooden stems (Fig. 189) are sometimes used because 
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(see Table 192) wood expan<ls and contracts but slightly with changes 
ill temperature. In the compensated pendulum (Fig. 199) there is, 
practically, no change in the etTectivc length, L. \\'heu the metal bars 
B expand, they tend to lengthen the pendulum. But bars A, which are 
of a different metal, expand more than <lo bars B; this txmds i.o shorten 
the pendulum. The lengths and the materials of .1 and arc so 



Fig. 192. — “Davis” steam-radiator 
air valve. (When R is surrounded by- 
steam it expands and closes valve, V. 
Or, when water enters the chamber, 
float, F, rises and closes V. ) 


length, L, is always, uiuler reasonable 
temperature condilious, the same. 

Kxample.* — Tlic e o m p e n s a t c d 
balance wheel (Mg. 191) of a watch 
is so made that the ends E of the 
segments adjust Uuunsidves juamrding 
1,0 the temptiraiaire of the wheel 



Fia, 193. — ^Tluj “OiKpsnlonk” radiator 
air valve. (Float F, cIuhch valve. F, if 
water enters it. Bar, ii, cIohch V aft<‘r 
steam has entered it. The valve romninH 
open when there m only cold air in it.) 


Thereby, the watch is caused to run at a constant speed. If the balance 
wheel were not “ compensated, the temperature would affcjct iluj spewed 
of the watch. When warm, the oil would l)e thinner. Also, the dia- 
meter of the wheel and the length of the hair spring would be greater. 
When cool, these effects would be reversed. With a properly compen- 
sated wheel, they are, practically, of no consequence. 

Example. — ^Air Valves In Steam-kbatino Radiators (Figs. 192 and 
193) may be automatically controlled by utilizing the compound-bar 
principle (Fig. 193) or by the expansion (Fig. 192) of a rubber post. 

189. Expansion May Be Considered Under Three Different 
Headings: (1) Lineal expansion ^ which is increcLse in length* 
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(2) Surface^ superficial, or areal expansion, which is the increase 
in area of a surface when it is heated. (3) Volumetric expansion, 
which is increase in volume. Obviously, there may likewise 
be lineal contraction, superficial contraction and volumetric 
contraction. Each of these phenomena will be considered. 

190. The Coefficient Of Lineal Expansion is defined as the 
ratio of the increase in the length of a bar of material to its 
original length when the temperature of the material is increased 
1° F. (or C.). A more practical definition is (Fig. 194) 
this : The coefficie^it of lineal 
expansion is the increase in length, 
in inches, due to a temperature 
increase of 1° F. {or C.) in a bar 
of the material which was 
originally 1 in. long. It is the 
increase in length, in inches per inch of original length, per degree 
temperature difference. 


+i) De^.Foihn Length’(ifei) 

K* -At T Deg. Faht; Length-lin: — -H I 


Fig. 194. — Illustrating coefficient of 
lineal expansion. 


Note. — A Coefficient Of Expansion Can Be Obtained By Con- 
sidering The Decrease In Length, due to a temperature decrease, as 
well as by considering the increase in length, due to a temperature 
increase. Hence, the same coefficient is used in computing either con- 
traction or expansion. Table 192 specifies some coefficients of lineal 


expansion. 

191. A Coefficient Of Expansion Computed On The Basis 
Of The Above Definition Is Not Absolutely Accurate. — The 
exact value of an expansion coefficient depends upon the 
temperature at which the coefficient is determined. Likewise, 
the coefficient values given in Table 192 are not strictly accu- 
rate for every temperature. But the expansion coefficient 
values of any material differ, at different temperatures, from 
the values of the table so little that the errors which they 
may introduce through their application are of absolutely 
no consequence in any practical problem. A similar situation 
obtains for coefficients of areal or surface expansion (Sec. 199) 
and cubical-expansion coefficients (Sec. 202). For pure 
metals, the coefficient generally increases with the temperature. 
For alloys, there appears to be no general rule. 

Examplb. — ^A s taken from the Smithsonian Physical Tahles, the 
coefficient of lineal expansion of aluminum at 100° F. = 0000., 012, 8; at 
1,112° F. == 0.000,017,5. 
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192. Table Showing Coefficients Of Lineal Expansion Of 
Some Common Materials. — The tabulated values are equi- 
valent to the expansion (or contraction), in inches, in each 
1 in. original length, for each 1° F. increase (or decrease) 
in temperature. The values given here are the average 
values of the coefficient of lineal expansion between the tem- 
peratures 32 and 212° F. 


Material, metals 

Average 
coefficient 
of lineal 
expansion 

Material, various 

Average 
coefficient 
of lineal 
cxiiansion 

Aluminum 

1 

0.000,012,3 

1 ■ 

Brick 

1 

0.000,003,1 

Aluminum bronze. . 

0.000,009,4 

Carbon, coke 

0.000,003,0 

Antimony 

0.000,005,8 

Cement, neat 

0.000,006,0 

Brass, cast 

0.000,010,4 

Concrete 

0.000,008,0 

Brass, wire 

0.000,010,7 

Glass, thermometer 

0.000,004,5 

Bronze 

0.000,010,0 

Glass, hard 

0.000,003,3 

Copper 

0.000,009,3 

Glass, plate and 


German silver 

0.000,010,2 

crown 

0.000,005,0 

Gold 

0.000,008,2 

Granite 

0.000,004,8 

Iron, pure 

0.000,006,7 

Graphite 

0.000,004,4 

Iron, cast 

0.000,005,9 

Limestone 

0.000,001,4 

Iron, soft forged .... 

0.000,006,3 

Marble 

0.000,006,5 

Iron, wire 

0,000,008,0 

Masonry, from 

0.000,002,5 

Lead 

0.000,015,1 

to 

0.000,005,0 

Magnesium 

0,000,014,5 

Porcelain 

0.000,001,7 

Phosphor bronze . . . 

0.000,009,4 

Rubber 

0.000,042,8 

Silver 

0.000,010,7 

Vulcanite 

0.000,040,0 

Solder 

0.000,013,4 

Wood, oak: 


Steel, Bessemer: 


parallel to fiber . . 

0.000,002,7 

rolled hard 

0.000,005,6 

across fiber 

0.000,003,0 

rolled soft 

0.000,006,3 

Chestnut: 


Steel, nickel (10% 


parallel to fiber . . 

0.000,003,6 

Ni) 

0.000,007,3 

across fiber 

0.000,001,9 

Tin ‘ 

0.000,012,7 

Ash: 


Type metal 

0.000,010,8 

parallel to filler . . 

0.000,005,3 

Zinc 

0.000,016,5 

Pine: 


Zinc (cast) 

0.000,010,6 

parallel to fiber . . 

0.000,003,0 
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193. Apparatus For The Determination Of The Coefficient 
Of Expansion utilizes the general principles indicated in Figs. 
195 and 196. For tests where precise values are unnecessary, 
an equipment, similar to that of Fig. 195 may be used for 



^■--Enfer/n^ Steam 

.‘This End Free 
; to Expand 



- -Thermomefe r 

rK 

This End 
Held Solid: 

) 

‘Pointer 

=ol 

Rod Under Test-’ 

d . ■ i 

U-Q-fv/c Exhaust 
r Steam-' 



Fig. 195. — An apparatus for determining the coefficient of lineal expansion. 


determining the lineal expansion of metals. For a very 
accurate determination, microscopes (Fig. 196) may be 
employed for measuring the increase in length. 



Fig. 196. — Equipment for precise coefficient-of-lineal-expansion determinations. 

194. The Formula For Computing The Coefficient Of 
Lineal Expansion, which follows from the definition given in 
preceding Sec. 190 is: 

(91) 6l = expan.) 

or, since Z = 2 ~ i^i* 

(92) Ci = Xi(r!-r 9 expan.) 
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Wherein: = the coefficient of lineal expansion. Li = the 

length of the material, measured in any unit, at the tenipc^f’a- 
ture Ti, 1/2 = the length of the material, measured in the 
same unit as Li, at temperature Tx and T% = respectively , 
the temperatures in degrees Fahrenheit. I = increase in 
length due to expansion, in the same unit as hi* 

Note. — ^If The Original Length, Li, Of The Mateuiat^ Is IJNrTY, 
say 1 ft., and the temperature change is 1® F., then For. (91) becomes: 

(93) fii “ La — 1 (coof. of linear expan.) 

Example. — ^At a room-temperature of 72° F., the lengtli of the coi)per 
rod A, in Fig. 195, is 24 in. When the thermometer, T, reads 212*' F., 
the rod length has increased 0.031,2 in. What is the coefficient of lineal 
expansion of copper? Solution. — Substituting in For. (92): cx, ™ 
Z/Li(T 2 - Ti) = 0.031,2 -r- [24 X (212 - 72)] = 0.031,2 (24 X 140) ^ 

0.031,2 -5- 3,360 = 0.000,009,3 = coefficient of lineal expansion of copper, as 
shown in Table 192. 

196. The Formula For Computing The Amount Of Lineal 
Expansion Or Contraction When An Object Is Heated Or 
Cooled is this : 

(94) I = eJjiT (inches) 

Wherein : I = increase in length due to expansion, or decrease 
in length due to contraction, in inches. Li — the lengtii of tlie 
object before heating or cooling, in inches, ex, = coefficient of 
lineal expansion from Table 192. T == the t(uni)crn,l,ure 
increase or decrease, in degrees Fahrenheit. {Li may be 
expressed in feet or any unit of lineal measure; then I will be 
in the same unit.) 

Derivation. — By definition (Sec. 190) the coefficient of cxpai\Bion cl, 
is merely the expansion increase (or the contraction decrease) in inches, 
per inch original length, per degree temperature difierence. Hence, to 
obtain the amount of expansion or contraction, it is merely necessary to 
multiply together the original length, the expansion coeflicient and the 
temperature difference. These are the operations which For. (94) 
indicates. 

Example. — ^An iron rod which is 10 ft. long has its temperature 
raised 25° F. What is its increase in length? Solution.— -F or iron, 
from Table 192, cl = 0.000,006,3. Now, 10/t. « 10 X 12 in. « 120 in. 
Substituting in For. (94), the increase in length i&: I ^ CihiT *0.000,- 
006,3 X 120 X 25 * 0.018,9 in. - 

Example. — A steel bridge is 872 ft. long. The variation of tempera- 
ture in the locality, from the lowest winter to the highest summer tern- 
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perature, is 135° F . What is the maximum change in the length of the 
bridge? Solution.— From Table 192, for steel = 0.000,006,3. 
Now, 872 ft. = 872 X 12 in. — 10,464 in. The increase in length is: 
I = eiJjiT = 0.000,006,3 X 10,464 X 135 = 8.9 in. 

Example. What will be the change in length of a copper wire, strung 
between two poles which are set 120 ft. apart, when the temperature 
change is 120° F . ? Neglect the elasticity and sag of the wire. Solution. 
— From Table 192, bl for copper wire = 0.000,009,3. Also, 120 ft. = 
120 X 12 in. = 1,440 in. By For. (94); I = eiJjiT = 0.000,009,3 X 
1,440 X 120 = 1.6 in. 


196. The Formula For Computing The Final Length Of A 
Material After It Has Been 

Heated (Fig. 197) is given L^^ungth h 

below- This is the same as — r ' ’ 

For. (94) except that the 

original length, Li, is added 107.— Lineal expansion of bar of any 

in the right-hand member. 




length. 


(95) Z /2 = Li + LiOlT (inches) 

or: 

(96) Z /2 = Z/i(l + ei,T) (inches) 

or, substituting in (96) for T its equivalent — Tf) : 


(97) L 2 = Z/i + Z/i 6 ^(T 2 - Ti) (inches) 

Example. — What will be the length of a cast-brass rod, at 200° F., if the 
length at 40° F., is 20 in.? Solution — The lineal-expansion coefficient 
of cast-brass is, from Table 192, 0.000, 010,4. Now, substituting in For. 

(97) : Z 2 = Li — Ti) =20-1- f20 X 0.000,010,4 X (200 — 

40)] = 20 + [0.000,208 X 160] = 20 + 0.033 = 20.033 in. - length at 
200° F. 

197. For Computing The Final Length Of A Material After 
It Has Been Cooled, For. (97) becomes: 

(98) L 2 - Z/i - - Tf) (inches) 


198. Areal, Surface, Or Superficial Expansion (Fig. 198) is 
the increase in the area of a surface when it is heated. It is 
evident that the surface of any material will be larger, after 
heating than before, since the lineal expansion occurs in each of 
its two principal directions. 

199. The Coefficient Of Areal Expansion is taken as twice 
the coefficient of lineal expansion. Strictly, this is not true. 
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But the error which the assumption introduces is of no conse- 
quence, practically. 

Explanation. — Consider a copper plate (Fig. 198) which is 1 in. 
square. Its area is: 1 X 1 = 1 in. Now if this shecd; is heat.(Hl, it 
will expand lineally in two directions: Both its 
„ fa'' 1 en g til and width become greater by an amount 

py fe-'yV: | ' sl. Obviously, the sheet is now (1 + c/.) in. 

Hence, its area is now (1 + vi,) X (1 + 
== (1 + clY = I + CjY. Substituting in 
' ;x' ■ . formula and taking the lineal expansion 

. ■ r • : coefficient for copi)cr as 0.000,009 from Tai)le 102, 

(2 x 0.000,009) (0.000, 009)^* -- 1 4 0.000,018 

h--t,»z.en^/^-//nc/T-->>l 4 0,000,000,000,081 == 1.000,0 1.8, GOO, OSl « arcaZ 

-Lz-t-sricith-O+eOin.'- - expansion coefficient for copper. It is evident that 
Fig. 198. — illustratmg the value equivalent to cl ^, which is 
derivation of coefficient 0.000,000,000,081, is SO small that its omission 
of areal expansion. from the Coefficient would result in no material 

error. It is, therefore, apparent that for all practical purposes it is 
sufficient to assume that coefficients of areal exi>a;nsion ma^r be taken 
as twice those of lineal expansion, which are given in Table 192. 


200. The Formula For Computing Increase In Area, Due 
To Areal Expansion, which follows from the staternoiitw of Secs. 
198 and 199, is this: 

(99) A — esAiT (sipiarc inches) 

Wherein: A — increase in area, due to cxpa.nsi<.)n, or decrease 
in area, due to contraction, in square inches. Ch = coefHcient 
of areal expansion = 2 X lineal-coefficient value from Table 
192. T = the temperature increase or decrease in degrees 
Fahrenheit. Ai = initial area in square inches. A i For. (99) 
may be expressed in square feet or in any Unit of areal measure. 
Then A will be in the same unit. 

Example. — section of street paving which measures 20 X 24 ft. 
is subjected to a temperature difference of 135® F. If the lineal-expan- 
sion coefficient of the material is 0.000,003, what will bo the change in 
area? Solution. — The areal-expansion coefficient will be 2 X 0.000,003 
= 0.000,006. Therefore, the change in area will be, For. (99) : A =» 
esAiT = 20 X 24 X 0.000,006 X 125 = 0.36 sq. ft. 

201. Cubical, Cubic, Or Volumetric Expansion (Fig. 199) is 
the increase which occurs in the volume of a substance when 
the substance is heated. Cubical contraction is the decrease 
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in volume when the substance is cooled. It is evident from 
Fig. 199 that when a substance is heated, it expands lineally 
in all three directions. The change in volume which results is 
just as definite as a change of length due to lineal expansion. 

202. The CoeflS-cient Of Cubical Expansion (Table 207) is 
assumed to be equal to three times the coefficient of lineal 
expansion, certain values for which are given in Table 192. 
While this assumption (see explanation below) is not absolutely 
accurate, it is sufficiently so for ordinary use. 


Explanation. — A s s u m e that 
the l-in. cube of Fig. 199 has, 
before heating, a volume of = 1 
cu. in. After the temperature of 
the cube has been increased 1° F., 
the cube expands the distance sl in 
each of the three lineal directions. 
Hence, the length of each of its 
sides becomes (1 + ex,). Now the 
volume of the heated cube will 
be (1 + CL^ = (1 + 3ei, -f Sex^ + 
cl^) cu. in. Now, as demonstrated 
in explanation under Sec. 199, the 
values equivalent to 3ex^ and 
will be so small as to be inconsequ- 
ential. Hence, they may be dis- 
regarded. Therefore, the volume 
of a heated cube can, with very 
small error, be taken as (1 + Scl) 
cu. in. In other words, 3cx is the cc 



coefELcient of expansion (the volume of the 
corners Ci C2 C3 and Ci are so small as 
compared with the volume of the whole 
that they are disregarded in computing 
the cubical coeflS-cient of expansion). 

latent of cubical expansion. 


203. The Formula For Computing The Change In Volume, 
Due To Cubical Expansion which follows from the preceding 
discussion and statements is : 


(100) V = ZeiYiT (cubic inches) 

Wherein: V = change in volume, due to expansion or con- 
traction, in cubic inches. Vx == the original volume of the 
substance, in cubic inches. Other symbols have the meaning 
hereinbefore specified. Yt (For. 100) may be expressed in 
cubic feet or in any other unit of cubical measure. Then, Y 
will be in the same unit. • 

Example. — ^A block of concrete is 30 ft. wide, 17 ft. high, and 4 ft. 
thick. What will be the change in its volume, when its temperature is 
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changed 50° F.? SoLtjTioN.— I'roju Tahlo 192, tlm h'ni-aPrj-panilon 
coefficient for conci'cle = 0.000,008. I’hen Mie <'uhtt<jl’’Cj'pan,sion 
dent == 3 X 0.000,008 = 0.000,024. Tlui oriififiol rahinw 30 X 17 X 
4 = 2,040 cu. ft. Now, substituting in For. (100): V ZciViT «= 
0.000,024 X 2,040 X 50 = 2.45 cu, ft, 

204. The Formula For Computing The Volume Of Any 
Substance, After It Has Been Heated Or Cooled, Is ; 

(101) V 2 = yi(l + OvT) (cubic inches) 

Wherein: F 2 = final volume, in cubic inches, Vi = original 
volume, in cubic inches, ev = coefiicient of cubical (vxfuinsion 
from Table 207, or ev = 3<j£,, as taken from Talhti 192. T = 
the temperature increase or decrease, in degrccjs Fa.hrcnheit. 

206. The Expansion Of Liquids has been mentioned in the 
preceding discussion (Sec. 57) of thennometers. All licpiids, 
with the exception of water, as explained below, expa,ncl when 
heated and contract when cooled. This proixn-l.y renders 
possible the mercury thermometer. Duo to their expa,nsion, 
all liquids increase in volume when heated (except some wlien 
near the freezing point). In general for any giv(m solid the 
change in volume per degree temperature difference is pracl.i<.*,n,lly 
the same, regardless of the original temperature under considera- 
tion. But for liquids this is not true. With dilTeremt liquids 
the change in volume, per degree teunpernture difference, 
varies somewhat according to the tcmpcratairc^ under considera- 
tion; the coefiicient is greater at high than at low temperature. 
However, for practical engineering pui’poscs, average values 
(Table 207) may be taken. 

Note. — The Expansion Op Liquids Ib Cubical.— - lloiuxi, the pre- 
ceding formulas which were given for computing <*,ul>ical (expansion arc 
the ones which are applied for figuring the oxpaiwion of luiuidH. 

206. Coefficients Of Cubical Expansion of Liquids Are 
Difficult Of Accurate Determination.- — The licfuid under 
observation must be contained in a vessel, the material of 
which has an expansion coefficient different from that of the 
liquid. However, compensation for the possible error, thus 
introduced, may be made. 

Example.— Compensated clock pendulums may be made (Fig. 200 and 
201 ) with mercury, in glass vessels, constituting a '‘bob."' When the 
rod, R, expands downwardly, the mercury, iMT, expands upwardly. 
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Thereby, assuming correct design, the effective length of the pendulum 
remains unchanged. 




Suspension I 
Poo/--:— J 


■Mercuru 

UK 


r 




Adhsiiny : 

Fig. 200. — The mercury-coin- 
penaated pendulum. 



Fig. 201. — Clock equipped with mercury- 
compensated pendulum. 


207. Table Showing CoefiScients Of Cubical Expansion Of 
Some Common Liquids And Solids. 


Material 


CoefiB.- 
cient of 
cubical 
expansion 


Material 


Coeffi- 
cient of 
cubical 
expansion 


Acetic acid 0.000, 

Alcohol (ethyl) 0.000 

Alcohol (methyl) 0.000 

Benzine 0 - 000 . 

Benzol 0.000 

Calcium chloride 5 to 50 per 

cent, solution 0.000, 

Chloroform 0.000, 

Ether 0.001, 

Glycerine 0 . 000 , 

Hydrochloric acid 0.000, 

Hydrochloric acid 60 per cent. 

solution 0 . 000 , 

Mercury . ■ • 0 . 000 , 


Olive oil 0 • 000 , 4 1 

Petroleum 0 . 000 , 55 

Sodium chloride; 

1.6 per cent, solution 0.000,60 

26 per cent, solution 0 . 000 , 24 

Sulphuric acid 0 . 000 , 27 

Sulphuric acid, 50 per cent 

solution 0 • 000 1 45 

Turpentine 0.000,56 

Water 0.000,10 

Ice (4 to 30° F.) 0.000,62 

Paraffin wax 0 . 000 , 61 

Bocksalt 0 . 000 , 67 

Sulphur 0.000,40 
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Example. — An open tank contains 6,700 gallons of wa-tcn* of 60“ F. 
How many gallons will it contain, if the teiuperatiirc^ of the water is 
increased to 105® F.? Solution. — From Ta}>I(^ 207, th(‘. euhi(‘a.I eoeffi- 
cient of expansion of water is 0.000,1. The change in icniperaturc ^ 
T = 105 “ 60 = 45° F. Now, substituting in For. ClOl) : Fa = Fi(l + 
evT) = 6,700 X [1 -h (0.000,1 X 45)] = 6,730.15 gal, 

208. Liquids Are Practically Incompressible.— The amount 
which they may be compressed is exceedingly^ small, 
when the liquids which completely fill closed vc\ss('Is arc^ heated, 
the resulting pressure, due to their expansion, may be (enor- 
mous. Serious distortions and ruptures in confaining vessels 
may result through disregard of this fact. 

Example. — In hot-water heating systems an cxpa;iim)n tank is hx^jited 
near the top of the building; see Div. 17. Into this ta,nk, tlu^ watm* 
expands, when heated. If the expansion tanks or otlier suitaJ>lc^ arrange- 
ments were not provided, the enenanous pmssure which would hc: (1(W(U- 
oped in the system by heating of the wat(u- miglit causes valve leakage, 
and the breaking of radiators, valves, or fittings. 


209. The Peculiar Expansion And Contraction Of Water 
(Fig. 202) will now be considered. Siru^c wutxu* is th(^ most 

^ ^ ^ common liquid it will bo discuissed 

i;:?---!.- — hei’ein at some length. All liciuids 



Fia. 202. — Graph showing change 
in volume of water as it is heated. 



Fk;. 203. — "Expaunion of iurix'ntiiH^ as 
compared to wat<‘r !»,u<l tut'reury (nlthough 
the graphs for nxn’eury at\tl ttjrpentine 
appear to bcf straight. Uuoh, they aettially 
curve somewhat. Tlui curvuiurt^ is too 
small to bo det<H5tahlo with the 
shown.) 


with certain exceptions, water for example, (Figs. 203 and 
204) contract when cooled. When water is cooled its volume 
changes considerably, as is shown by the graph (h'ig. 202). 
But at about 39° F. it is (Fig. 205) at maximum (Icmsity. 
That is, it weighs more, per unit of volume, at this tem- 
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perature than at any other temperature. If it is cooled below 
this temperature, it begins to expand. This is a peculiar 
characteristic of water. After cooling to 32° F. it solidifies 

into ice and the freezing is 
accompanied by farther 
expansion. 

Notej. — Expansion, At 
Freezing Temperature, Is A 
Very Important Attribute 
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Fig. 204. — Graph comparing the change in 
densities of mercury and water at different 
temperatures. 



Fig. 205. — Change in weight of water 
as temperature is changed. 


Op Water. — It is Nature’s provision against the oceans, lakes and 
rivers freezing to the bottom. Ice forms at the surface of the water and 
being lighter than water remains there. Thus it covers or blankets 
the water beneath. It prevents the lower strata of water from becoming 
cooled to the freezing stage. 

210. When Water At A Temperature Above 39° F. Is 
Heated, It Expands. — Its density then diminishes and it 
becomes ^^lighter.'' That is, its weight per unit of volume 
decreases. This property is very important in certain heating 
processes. 

Exampee. — When heat is applied to the bottom of a tank which con- 
tains water, a circulation of the water immediately ensues. The stratum 
of water in contact with the bottom is heated. Thus it is caused to 
expand. It becomes less* dense, or “lighter” than the water above. 
The cooler, and heavier, water at the top then circulates to the bottom. 
It thereby displaces the heated water, which ascends to the surface. 
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Hot water may thus be drawn from the top of a tank before tlie entire 
mass of water is heated. 


211. The Expansive Property Of Water Is Utilized In Hot- 
water .Heating Systems, — The cooler, and heavier, water 
hows into the boiler, or heating element, at the bottom. 
Therein it becomes (Fig 126) heated and expanded. It then 
flows through the radiators and gives up some of its heat to the 
air in the rooms. When it leaves the radiators, it is again 
comparatively cool. It then flows down to the boiler through 
the return pipe. A continuous circulation is thus maintained. 

212. Differences Of Expansion And, Therefore, Of Density 
Between Different Parts Of A Volume Of Water Cause 
Currents To Circulate Therein. — These are called convection 
currents. The rapidity with which water may be heated 
depends upon the rapidity of these currents. Without them 
it would be difficult to heat water in any form of vessel, 
whether a teakettle on a kitchen stove or a st(uim boiler in a 
power plant. Water is a very poor conducitor of heat. 
Hence, this property (conduction) is xiot oficetive in carrying 
heat quickly to all parts of a mass of water. 

213. Freezing Water Exerts An Enormous Expansion Force 


(Figs. 


182 and 206). Ordinarily, one cubic foot of water 
becomes about 1.085 cu. 1‘t. of ice. The 
expansion is aboxit 8.5 per cent. The 
expansion of a body of water, by freez- 
ing into ice, thus amounts to more than 
one-twelfth of the initial volume of the 
water. If water is frozen in a closed 
vessel, the expansion of the ice thus 
formed may, and gtuuir; illy will, rupture 
the vessel, even though the vessel be 
made of iron or steel. 



Fia. 206. — The result of 
water frozen in a closed 
east-iron vessel. (Actually 
the expanding ice, which 
breaks a vessel, issues from’ 
the hole which it makes as 
shown in Fig. 182.) 


Exampi^b . — A gallon of wal,or contains 231 
cu. in. Hence, if a gallon of water freezes to 
ice at 32® F,, the volume of the ice will l)e 
231 X 1.085 « 249.64 cu. in. 

Note. — ^Tiib MonKcuLBB Of Watbe In 
The Foem Of Ice Abe Closer Together Than Are This Molecules 
Of Liquid Water. — Thus the behavior of water, when passing from 
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the liquid to the solid state, presents no exception to the general law 
(Sec. 50) which governs molecular action in substances from which 
heat is extracted. The apparent anomaly observed in the expansion 
of ice is explained on the hypothesis that the molecules of ice group 
themselves into crystals. Thus, while the molecules are more com- 
pactly arranged in the ice crystals than in the liquid water, the crystals 
themselves are separated by comparatively large spaces. Hence, the 
net effect of the crystalline grouping of the molecules is an increase 
instead of a diminishment of volume. 


214. The Behavior Of Metals When Changing From The 
Liquid To The Solid State will now be considered. Besides 
water, cast iron, antimony, and bismuth are, perhaps, the 
most common substances which increase in volume when 
freezing or solidifying. When molten cast iron freezes or 
solidifies in a foundry mold, it expands. However, cast iron 
contracts about 1 per cent, while cooling from its freezing 
point to ordinary temperature. Hence, it is often said that 
cast iron shrinks. Unless proper precautions are taken, this 
shrinkage may break a casting (Fig. 207). With other metals 
(Sec. 187) a contrary effect will be noted; that is, they decrease 
in volume when solidifying. A few common examples of this 
latter class are mercury, gold, and silver. 


Note. — The Expansive Solidification Of Antimony And Its Low 
Expansion Coefficient Render It Useful As A Type-metal 
Ingredient. — The sharp outlines 


^cope 


■ -Mofoting flask- , . ^ 

Vents---... ^ 


-V. . r '. ■ ■ 


requisite in printing type could 
not be obtained if the cast metal 
were to contract while solidifying. 

Ordinary type metal is an alloy of 
lead, antimony, and copper. The 
tendency of the antimony to ex- 
pand neutralizes the tendency of 
the other ingredients to contract. 

Thus the volume of the molded 
metal continues constant during 
transition from the molten to the 
solid state. 

Note. — ^Expansion Of Antimony While Cooling From The Liquid 
To The Solid State is due to a crystalline arrangement of the molecules 
similar to that which occurs (note subjoined to Sec. 213) in the freezing 
of water. 

Note. — The Graduation Marks On A Patternmakers' Rule Are 
Spaced Farther Apart Than Are Those On An Ordinary Standard 


■ -Shrinkage " 

—Junction Lugs 


Fig. 207. — Shrinkage causes casting to 
crack in mold. 
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Rule. — The increased spacing, on rules used in the making of patterns 
for iron castings, amounts to H in. per ft. 'Tins is to insure that the 
patterns will be made enough larger, than the retiuired castings, to com-^ 
pensate for shrinkage of the solid iron in cooling. 

— The Excessive Conthaction Of Cionn Ani> 8ilveb While 
Cooling From The Liquid To The Solid State Prevents Accurate 
Casting With These Metals. — ^I'he shrinkage of the metal in tlie mold 
will invariably result in producing warped castings, wit h rounded and 
blunted edges and corners. Hence, as stated in Sec. 187, in the minting 
of gold and silver currency, the coins are stamped out of the solid metal 
with steel dies. 

215. Table Showing Approximate Lineal Shrinkage Of 
Castings And Forgings (From Marks' H andbook, page 294). 


Metal 


Bar iron, rolled. 

Bell metal 

Bismuth 

Brass 

Bronze 

Cast iron 

Gun metal .... 


)hrmk- 

age 

ratio 

Multi- 

plier 

1:55 

1.018,2 

1:65 

1.015,4 

1:265 

1.003,8 

1:65 

1.015,4 

1:63 

1.015,9 

1:96 

1.010,4 

1:134 

1.007,6 


Metal 


Iron, fine grained, 

Lead 

Steel, cast 

Steel, puddlcil . . . 
Steel, wrought . . . 

Tin 

Zinc, cast 


Shrink- 

age 

ratio 

Multi- 

l)lier 

1 : 72 

1.013,9 

1:92 

1.010,0 

1:50 

1.020,0 

1 :72 

1.013,9 

1 : M 

1.015,6 

1 : 128 

1.007,8 

1 : 02 

1.016,1 


Example. — The shrinkage of a bell-metal casting, wliilc the metal is 
cooling in the mold, amounts to 1 65 = 0.015,4 in. per htvfi of length 

of the final casting. Hence, the pattern for a bcU-mctal casting should be 
1.015,4 times as long as the required casting. 

Example. — An iron casting is required to be S ft. long, 8 in. wide, and 
2 in, thick. What should be the dimensions of the mold? ¥/hat will 
be the percentage of shrinkage in the casting? SorAJTioN.-— dlic volume 
of the casting = (3 X 12) X 8 X 2 ™ 576 cu. in. By Tabic 215 each 
dimension must be multiplied by 1.010,4. Hence, tho lengtli of i.he mold 
= 3 X 1.010,4 = 3.031,2 /i., the width 8 X 1.010,4 8.083, 2 m., and 

the depth = 2 X 1.0104 = 2.0208 in. Then, the volume of the mold = 
(3.0312 X 12) X 8.0832 X 2.0208 - 594.16 cw. in. Hence, the percent- 
age of shrinkage ™ [(594.16 — 576)/594.16] X 100 « 3.06 per cent, 

216, There Are Two Conditions Under Which A Solid May 
Expand Or Contract: (1) The expansion or contraction may 
he entirely unopposed hy counteracting forces. (2) The expan- 
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or contraction, or the tendency thereto, may he opposed or 
restrained in some manner by counteracting forces. Each of 
these conditions will be discussed in the following sections. 
Only unrestrained expansion and contraction 
have hitherto been considered, 

217. A Study Of The Phenomena Of 
Restrained Expansion And Contraction In- 
volves Consideration Of Stresses And Strains 
In Materials. — When any substance, as a 
metal wire, is subjected to a pulling force, 
the force tends to strain the substance by 
stretching or elongating it. Coincidentally, 
a stress, which tends to oppose deformation 
by the pulling force, develops within the 
substance. When any substance, as a mass 
of rubber, is subjected to a pressing force, the 
force tends to strain the substance by crowd- 
ing its particles closer together. In this case 
also, a stress, which resists the applied force, 
develops within the substance. So likewise, „ , 

when any substance, as a boiler nvet, is sub- 20 s —stress 
jected to the straining action of a shearing due to tension, 
force, a stress develops within the substance. 

When a substance is subjected (Fig. 208) to a pull or tension, 
the stress developed in the substance thereby is called a 
tensile stress. When a substance is subjected (Fig. 209) to 


PiQ. 209. — Stress due to compression. Fig. 210. — Showing a piece 

being sheared from boiler 
plate by rivet. 

pressure or compression, the stress developed in the substance 
thereby is called a compressive stress. When a substance is 
subjected (Figs. 210 and 211) to a. shearing force, the stress 
developed thereby is called a shearing stress. Tensile, com- 
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pressive, and shearing stresses are usually c^xpresscHl in terms 
of the forces which are applied to produce ilieni, divided by 
the number of area units in the cross-section of the su] > sI.u.iicg 
where it opposes the force. 

ExAMPi.Ks.— If a wire of O/l-st}. in. eroHS-seetion 
fcjvisperids a load of lb., tlai .s^/v.s'w in i,ho 

wire is 1,600 0.1 — 16,000 /t. j)rr w/. rn. If a sicel 

ImdgG-rod, of 3-p(i. in. crosS“.stHd ion, is s\d>jected to a 
pull of 150,000 11)., tlie tcui^ile ,s/rc«.s* iu tiic rod is 

150.000 -f- 3 = 50,000 Ih. per sq. in. If an iron c.ohunn 
of 4~sq. in. cross-scctiou supj)oris a, load of ‘1,000 lb., 
the comp7'cssivo streas in the column is 4, 000 4 

1.000 Ih, per sq. in. 

Notk.- — “Stress” And “Strain” Are Not 
Synonymous Terms. A m exphuned above, 

is the internal opposing force whicdi develops within 
a substance when an external force, tending to deform the sub- 
stance, is applied, A strain is the deformation, or charge of shape, of a 
substance within which a compressive or tensile stress Ims b(‘(m developed 
by application of an external force. As noted a.bove, a. st r(\ss is iiK^asurcd 
by the intensity of the applied force and !>y the cross-sectional :U*ca 
of the substance which sustains the force. The (T)rrest)onding (total) 
strain is expressed in terms of the change of diincmsion of thc^ sul)st.ance, 
in the line of direction of the applied force, l^hirthcnnorci, since, under 
tensile or compressive stress, cacti inch (or foot) of length of tlu^ subst ance 
is changed by the same amount, the strain can be expressed as a decimal — 
it is then called the unit stram or simply the sb'ain — that; is, tlie number 
of inches (or feet) that each inch (or foot) has been lengt.liencd or 
shortened. 

Example. — If a metal wire, of 10-in. length, is elongated luulcr a pull 
to a length of 10.1 in,, the total strain in the wire is: 10.1 — 10 -- 0.1 in. 
Then the unit strain — strain, in inches j)ermch of original length -- 0.1 
10 = 0.01. 

218 . Material Bodies Generally Tend To Resume Their 
Original Forms When Released From Forces Which Have 
Produced Strains In Them. — rubber band may be stretched 
to a considerable length, but it will, apparently, instantly 
resume its original dimension when the stretching force is 
removed. Most materials, however, will not, wlien strained 
beyond certain limits, return entirely to their original shapes. 
In such cases the materials are said to have taken permanent 
set. Some materials acquire this condition under compara- 



Fia. 211. — Stress 
due to shear. 
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tively small loads. Others are permanently deformed only 
by application of very great loads. 

219. Strains Are, Within Certain Limits, Directly Propor- 
tional To The Stresses From Which They Result. — That is to 
say, there is, usually (below the elastic limit. Sec. 220) for 
each substance, a definite ratio between a stress produced in 
the substance and the resulting deformation or strain. This 
ratio is called the coefficient of elasticity of the substance. 
See Table 221 for values. In the notation used in this 
book, the coefficient or elasticity will be denoted by E. Hence 
the formula: 


( 102 ) 


B 


stress lb. per sq. in. ,,, . . 

strain stretch per inch • per sq. in.) 


Note. — “Modulus Of Elasticity” And “Young’s Modulus” are 
synonymous terms for coejjlcient of elasticity. 

Example. — A steel rod, 20 in. long, when under a stress of 60,000 lb. 
per sq. in. stretches 0.04 in. What is the coefiicient of elasticity of steel? 
Solution. — By For. (102) : E = stress -i- strain = lb. per sq. in. -4- stretch 
per inch = 60,000 4- (0.04 4- 20) = 30,000,000 lb. per sq. in. 

Example. — A bridge member of 0.5-sq. in. cross-section and 40-ft. 
length, elongates 0.25 in. under a certain load, li E = 30,000,000 lb. 
per sq. in, what is the load? Solution. — By a transposition of For. 
(102): Stress = E y. strain = lb. per sq. in. = E y stretch per inch — 
30,000,000 X 0.25 4- (12 X 40) = 15,625 lb. per sq. in. Hence, the load 
= 15,625 X 0.5 = 7,813 lb. 

Example. — The tension in a steel telephone-wire, 100 ft. long, is 525 
lb. The ci’oss-sectional area of the wire is 0.006,4 sq. in. E — 30,000,000 
lb. per sq. in. How much has the wire stretched? Solution. — By a 
transposition of For. 102: Strain = stress 4- £7 = stretch per inch = lb. 
per sq. in. E — (525 4- 0.006,4) 4- 30,000,000 = 0.002,73 in. Hence, 
the wire has stretched 0.002,73 X 100 X 12 = 3.28 in. 

220. When A Material Body Is Stressed Beyond A Certain 
Value Or “Limit/’ The Resulting Strain, Per Unit Of Load 
Increment, Becomes Great& Than Formerly. — The strain 
then ceases to be directly proportional to the stress (Sec. 219). 
When this limit is reached the ratio of the stress in the body 
to the strain or deformation of the body will be less than the 
similar ratio for stresses below this limit. The stress above 
which the strain ceases to be directly proportional to the 
stress, is called the elastic limit of the material. When a body 
is stressed beyond its elastic limit and the stress is then relieved 
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(by removing the force which produced tiie stress), the body 
will be found to have suffered a i>erniaiient deformation. 
Stresses below the elastic limit do not cause any i)e.r5nanent 
deformation, or ‘‘setd^ Hence, when a stress is permitted 
to exceed the elastic limit, the body ceases to 1 k^ tr\ily elastic'^ 
— that is, it ceases to be capable of returning to its former 
dimensions. Hence, the terxn ''elastic liniif is truly signifi- 
cant. (See the author's Stuam BoiIjErs for gra|)hs and a 
more complete discussion.) 

Note. — The “Ultimate Steengtii*^ Oi^ A IMateuial i« found by 
dividing the maximum force, which the materitd Htiatiiins during a test 
carried on until rupture occurs, by the original crosH-sect ional area of the 
test piece at the point of the rupture. In actaial practice, i.lie cross- 
sectional area usually changes before rupturo occurs. I'hertiforc, the 
maximum stress in the material may somewhat exceed tlie value of the 
“ultimate strength” which is computed as indicatetl above. 


221. Table Showing Coefficients Of Elasticity For Different 
Materials. 


1 

Materials 

lb. per 
sq. in. 

Materialn 

E 

11). per 
sq. in. 

Metals 


W GODS 


Aluminum 

11,000,000 

9.000. 000 
14,000,000 

14.000. 000 

16.000. 000 
12,000,000 
27,000,000 

1.000. 000 
4,000,000 

Ash 

1,600,000 
1 , 300 , 000 

Brass, cast 

Birch 

Brass wire 

Oak 

1 , 600 , 000 

Phosphor bronze 

Teak, 

2.410.000 
306,000 

1.900.000 

Copper wire 

Walnut. , 

Iron, cast 

Pine 

TthUj 


Lead 

Tin, cast 

MiSCELL ANIiK >'UB 
Slate 

14,000,000 

8,000,000 

Steel 

30,000,000 

Glass . 


222. Expansion And Contraction Of Restrained Solids 
will now be considered. If the tendency of a body of solid 
material to expand Or contract is restrained in some manner, a 
stress will develop within the body. The result of such 
restraint will be the same as though the body were stressed by 
an external force. The stress produced by restraint of the 
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tendency to expand or contract is exactly equal to the stress 
which would be set up in the body if it were, by some outside 
force, either elongated or compressed the amount which it 
tends to expand or contract. 

Explanation. — Suppose a piece of copper is held tightly in a vise and 
is heated by means of a torch. Due to its absorption of the heat, the 
copper tends to expand, say, 0.01 in. But the clamping action of the 
jaws of the vise counteracts this tendency. Then the resultant condi- 
tion within the piece of copper is the same as though the copper had 
first been heated and had then been squeezed or compressed 0.01 in. by a 
further tightening of the vise. By preventing the copper from respond- 
ing to the expansion tendency produced by the heat, a compression 
stress, equal to that which would have been produced by compressing the 
copper 0.01 in., has been developed within the copper bar. 

Note. — The Inpluence Of External Forces In Hindering Free 
Expansion And Contraction Of Structural Members Demands 
Close Attention. — Serious accidents may result from ignoring it. 
Bridge members may fail; see Figs. 180 and 181 for expansion joints. 
Dangerous stresses may be set up in steam boilers. Pavements may 
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Fig. 212. — Expansion joint to allow 
pipe to expand. 


Fig. 213. — Expansion loop in high 
pressure steam line. 


become distorted, or may even explode. Long pipe-coil radiators may 
buckle and leak and fittings in steam-piping systems may be strained and 
broken, unless proper arrangements which allow for expansion (Figs. 212 
and 213) are provided. 

223. When The Expansion Or Contraction Tendency Of 
A Solid Is Restrained Or Counteracted, A Strain Practically 
Proportional To The Coefficient Of Expansion Of The Material 
And To The Temperature Change Is Produced, — The piece 
of copper in the above explanation (Sec. 222) is compressed 
exactly the same amount that it would have expanded had it 
been free to do so. Hence, if the coefficients of expansion and 
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elasticity of the material arc known, am I tlu^ itviuperatu re- 
change is observed, the stress, duo to rostrainoil (‘xpa,nsiori or 
contraction, in a solid may be calculated. 

Explanation. — By referring to Fig. 197, it Is evi(i<Mit that the expan- 
sion of an unconstrained bar of original length Li is La'i/P, and its length 
after heating is Li{l + clT), If, now, the bar is conipr<\sstai to its 
original length, this expansion length {LxCi/T) will be the amount of the 
total strain. Hence the unit strain will be: {total i^train.) {length before 
straining) = LicMT Li{l gi/T) — ci/V (I + vtfV). 

Now, the expansion coefficient cl, is so small tliat thci term vifP schdoni 
even approaches 1 per cent. Hence, it is ortlinarily sudicicmt to say tlnit 
PoQ unit strain = eMP ^ I = ClT, whicli is very nearly trne. 

Therefore, tlie strain is, as previous! 3 ^ explained, praclieaHy propor- 
tional to the coefficient of expansion and the tempcratiire change. 
Hence, the following equation may be written : 

. lb. per sq, in. stress _ lb. per sq. In. stress 

^ tmit strain ci/P 


Wherein: cl ~ coefficient of lineal expansion -- {expansion or ('contrac- 
tion, in inches, per inch original length of body per degree h'ahrenheit 
change in temperature. T — tem|,)erature clumge, in (h^gnass Idihrcai- 
heit. But the first member of this equation gives (Wee. 210) the coefii- 
cient of elasticity. That is: 


(104) 


Ih . per sq. in. strGs^ 
U7iit strain 


= E 


(lb. pair H(p in.) 


(ll>. p(n’ H(i. in.) 


Hence, substituting (104) in (103): 

„ Ih. 'per sq. m. stress 

(105) E - 

Transposing (105) there results: 

(106) Ih. per sq. in. stress ~ EclT (lb. pen' S(|. in.) 

Or, expressing the stress in terms of the e(iui valent rcist, raining force, 
in pounds, and transposing, there results the following formula: 


(107) P = EblTA (pounds) 

Wherein: F = the restraining force, in pounds. A the cross-sec- 
tional area, in square inches, which offers rcHistancc to tlui foix'.e. 

Example. — In the explanation subjoined to wSec. 222, whu-t c 5 omi>rcB- 
sive-force is exerted by the vise-jaws if the tomperalure of tlie copi)er is 
raised 200° F.? 

SoLUTiON.—Fo’r copper, cl - 0.000,009,3 and E - 16,500,000 lb. i)er 
sq. in. By For. (106), stress - EblT « 10,500,000 X 0.000,009,3 X 
200 = 30,690 Ih. per sq. in. 

Example. — The joints of the steel rails in a street-car track are 
welded for a distance of 1,320 ft. The job is done on a summer day. 
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The temperature of the weather drops 35° F. during the following 
night. (1) What is the resulting tension in the rails if the ends cannot 
give? (2) How many inches will the track shorten if the ends are left 
free? Solution. — For steel, ez = 0.000,006,5 and E = 30,000,000 
lb. per sq. in. (1) By For. (106), stress = EezT = 30,000,000 X 
0.000,006,5 X 35 = 6,825 lb. per sq. in. (2) By For. (94), I = LiezT ~ 
1,320 X 12 X 0.000,006,5 X 35 = 3.6 in. 

QUESTIONS ON BIVISION 7 

1. Give some examples of materials expanding in length. 

2. Give examples of peculiar constructions designed to allow for expansion. 

3. What is a coefficient of lineal expansiojif How may it be used? 

4. State the formula for computing the length of a bar of material that has been 
heated a given amount. 

5. What is areal expansion? 

6. State and explain the formula for computing the area of a sheet of material that 
has been heated. Does this formula give an exact value? Why? 

7. State and explain the formula for computing cubical expansion. Does this 
formula give an exact value? Why? 

8. What is a tensile stress? A compressive stress? 

9. In what units are tensile and compressive stresses expressed? 

10. What is shearing stress? 

11. What is meant by stress? Strain? 

12. What is meant by the coefficient of elasticity of a material? 

13. What is meant by permanent set? 

' 14. State and explain the uses of coefficients of elasticity in computations relating to 
structural materials. 

15. Why are openings left between the ends of the rails of railroad tracks? Why is 
tar placed in the joints of cement pavements? 

16. If a metal body is so confined that it cannot expand, what is the result when it 
is heated? 

17. Why should water in glass jars not be left out of doors in winter? 

18. Why are the water-barrels which are placed on railroad bridges, for protection 
against fire, filled with salt-water? 

19. State and explain the formula for computing the stress set up in a body wherein 
expansion or contraction is restrained. 

20. Do the molecules of freezing water obey the general law which governs molecular 
action in substances from which heat is withdrawn? What is this law? 

21. Why does ice float on water? 

22. How do ice formations act to prevent lakes and rivers in cold latitudes from 
freezing to the bottom? 

23. What causes the water to circulate in a hot- water heating system? 

24. Why is antimony used in type metal? 

26. Why would it be difficult to heat water if no convection currents were set up in 
the mass of water? 

26. Why is it difficult to determine the coefficients of expansion of liquids? 

27. Is the coefficient of expansion constant for each Uquid? 

28. Is there any difference in the cubical expansion of a liquid as compared with that 
of a solid? 

29. What may happen if heat is applied to a vessel which encloses a liquid? 

30. How is the shrinkage of iron castings compensated for in making the molds? 

31. Are liquids compressible? What would be the probable effect of freezing water 
in a glass jar, if water were highly compressible? 

32. When a boiler is cold, the water stands at a certain height in the gage glass. 
When the boiler is fired up, the water gradually rises to a higher level. Why? 
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PROBLEMS ON DIVISION 7 

I. A brass test-rod (A, Fig. 195) is 20.1 in. long at a toinperattiro of 40® F. How long 
will it be when heated to 212° F.? What distance will the pointer move over the 
scale? 

%. If a glass test-rod (A, Fig. 105) is inserted in the steam tul>e, what will bo the 
expansion for the same temperature conditions as in Prob. I? 

3 A steel girder bridge (Fig. 180) is 98 ft. long. What clisl.iincc will the movable 
shoe travel on the rollers when the temperature of the weather changes from 30® below 
0° F. to 110° above 0°F.? 

4. In bridge construction it is customary, if the length of the bridge is less than 50 
ft., to fasten both ends rigidly. How much would a 50-ft. ateel bridge, so HceurtMl, tend 
to expand lengthwise for each degree rise of temperatnro? If the bridge w('re s(it on piers, 
what would be the efifect of this expansion tendency? 

6. A long pipe line contains a scries of expansion joints (Fig. 212). The Joints are 
spaced 300 ft. apart. The line is designed to convey steam at a temperatur(< of 300° F, 
It is erected in an atmospheric temperature of 50° F. In the adjuHtnunit of the joints, 
what should be the least distance, X, to allow for slip as the lino expamls? 

6 . A strip of concrete pavement is to bo 30 ft. wide. It in <,o etmiain a Horica of 
expansion joints spaced at 100-ft. intervals. A temperatnro rang(i of 1 00® h’. in expected. 
Each expansion joint is to be 5 times as long as the maximum amount of lineal e.xpan8ion 
occurring in each 100-ft. section of the pavement. What should be the hmgth of each 
joint? How much will the surface area of a lOO-ft. .strip of pavement be increased by 
the expansion due to the anticipated range of temperatnred? 

7 . A concrete beam, reinforced with steel rods, is subj<!cte<l t,o a bending load. A 
compressive stress is thus set up in one side of the beam while a leusilo streas is H<d, up in 
the opposite side. The tension is taken by the reinfonnng rotfs. The <'oe(li(uent of 
elasticity of the steel is 28,000,000 lb. per sq. in. If the rods ar(^ strained O.OOO,! in. 
per ft., what is the stress in them? 

8. A bar of material is 0.3 sq. in. in cross-section and is 10 in. long. It elongates 
0.002 in. when a load of 1,500 lb. is applied. Find the coeOicient of elasticnty. 

9 . A steel column is 12 aq. in. in cross-section and is 10 in. long. It Hupi>orta a load 
of 200,000 lb. How much is it compressed? 

10. A line of steam pipe is 375 ft. long. Stool pipe having a coelljtdent of ( 5 X|)anHion 
of 0.000,006,3 is used. The cross-scctional area of the pipes is 2.5 h(i. in. Mow much 
will the line expand under a temperature increase of 350® F. ? If (lui lim^ w(U'(* so secnired 
that it could neither stretch nor buckle under the incroaHc. of tempera(>ur<'., what force 
would be set up in it? 

II. What is the amount of lineal expansion in a sot of sted boiler tubes, 20 ft. long, 
when their temperature is raised from 50° F. to G00° F,? Tins area of (u*oHH»Bee.tion of 
each tube is 1 sq. in. If cold water could be run into one of ilu'. tulx's, tlms cooling it 
to 200° F. while it is held rigidly at both ends and while the othera rtnnain at 000° F., 
what would be the probable stress set up in the cooled tube? 

12. A hot-water heating system contains 500 gab of water. The coeflitnent of expan- 
sion of water is 0.000,1. The water is heated from 50° F. to 210° If the boiler, pipes, 
and radiators of the system do not expand, what quantity of water will rise into the 
expansion tank? 
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224. Heat Phenomena Of Gases (see note below) are of 
great practical importance because of their application to the 
various heat engines and heat processes with which the 
engineer must deal. While the laws, which will be given and 
explained in this division, will not in all cases apply directly 
to actual heat engines, the fundamental ideas which underlie 
them do apply. Hence, an understanding of these laws is 
essential. Before proceeding, however, the reader should 
review the matter in Secs. 96 to 108 on the molecular theory of 
gases. 

225. A Gas Is Any Substance In The Gaseous State Which 
'Closely Follows The General Gas Law.— The general gas law 
is stated and explained in following Sec. 249; for the present 
it need not be further considered. . All gaseous substances as 
they depart further from the temperature and pressure condi- 
tions necessary to effect their liquefaction obey more closely 
this general gas law. Gaseous substances which are at or near 
their liquefaction conditions are called vapors and do not 
even approximately obey this general gas law. Hence it is 
apparent that it is the degree of departure of the conditions, 
under which a gaseous-state substance ‘is existing, from its 
liquid-state conditions that determines whether it is a gas or a 
vapor. See note below. 

Note. — The Distinction Between A Gas And A Vapob Is One Op 
Degree. — The early scientists gave the name ''permanent gas’^ to such 
gaseous substances as they believed could not be liquefied — as, for 
example, air, hydrogen, oxygen, and nitrogen. More recent investiga- 
tions have shown, however, that all of these substances can be liquefied 
when cooled to very low temperatures. Such substances, as water and 
ammonia, which need not be cooled to very low temperature, to be 
liquefied, were, by the earlier scientists, called vapors when in the gaseous 
state. These terms — "vapor” and "gas” — ^have been preserved, but 
their modem meanings are quite different from theirformer meanings. 
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Any substance, at least theoretically, may exist (in the gaseouH st.ate) as 
either a vapor or a gas. Vapors a, re further diacuHsetl in l.)iv. 1 1 „ Since 
it is really the '‘nearness” of a gaseous sul>st!iiice to the Vuinul state that 
determines whether it is a vapor or a gas, it is obvious that tht^re (‘annot 
be any rigid line of demarcation between the two. Tho t ransition from 
the vapor form to the gas form, or vice versa is not abrupt it is gradual. 

A vapor has been defined by some physicists as a substaiua^ in its 
gaseous state below its cortical tcmi')eraturc (Heca Htb); and a gas as a 
substance in its gaseous state above its cT^ticul tempera t.una But these 
definitions are not, apparently, in accord witrh those of th(‘ l»(‘st modern 
authorities. 

226. The Laws Which Will Be Treated In This Division 
Apply With Absolute Accuracy Only To A Hypothetical 
“Perfect’* Or “Ideal” Gas. — A perfect gas is one which, when 
heated or cooled, absorbs or gives up no (lisgn'.gala’on hctit. (Sec. 
258). No gas, so investigation shows, is, in this sense, a 
perfect gas. But many gases (air, oxygen, hydrogen, 
nitrogen and the like) are so nearly “perfect” that the errors, 
which will result from considering them as perfect in engineer- 
ing computations, will be inconsequential. Vapors (Div. 11) 
on the other hand (such as slightly superheated or saturtitcd 
steam, ammonia, carbon dioxide and suliihur dioxide) have 
characteristic properties such that tlie perh’ict-ga.s laws do not 
apply accurately to them. 

Note. — In Deajling With Vapors, it ia ordinarily muHvs.sary to use 
values which are taken from tables, as for example Stcuuu I’ablc 394. 
Such values are experimentally-determined ones. St,ea,m atul other 
vapors are treated in Div. 11. 

227. The “Condition” Of a Gas~this is a technical t.erm 
which is difficult to define — ^is determined by: (1) The kind of 
gas; that is, its chemical composition. (2) The iveight of ike gas. 
(3) Its pressure. (4) Its volume. (5) Its temperature. As will 
be shown, for a given gas, any three of the last four of the 
above items determine the unknown j)ro])er(,i(^s. Whenever 
any'of these properties of a gas are altered, the gas is said to 
undergo a change in condition or a condition change. It will bo 
shown in this division, how changes in one or xnorc^ of the above 
properties of a gas affect its remaining properties. It will 
also be shown how condition changes are affected by heat 
transfer and external work. 
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Example. — If a quantity of a gas (Sec. 225) such as air, hydrogen or 
nitrogen is compressed (Fig. 214) in a closed vessel, its volume will 
(as the impressed pressure is increased) readily decrease (Fig. 215), in 





' ' — Thermonieter \ 

Pressure Gage-’ 


Fig. 214. — Illustrating the com- 
pression of a gas. As the weights 
1 and 2 are placed on the rod, the 
gas is compressed. 



Fia. 215. — Illustrating the effect 
of increased compression due to 
addition of third weight. 


proportion to the applied pressure. Or, if the pressure is decreased 
(Fig. 216), the body of gas will expand correspondingly and fill the 
larger space. In compressing the gas (Fig. 215), the falling weight does 
external work on it. All of this work (assuming a frictionless piston and 
no loss of heat) is converted into heat in the compressed gas. Thereby 
the temperature of the gas is increased. When the gas is permitted to 




Fig. 216, — Illustrating the effect of 
diminished compression due to re- 
moving weight. 


Fig. 217. — Illustrating increase 
of pressure by heating. (Compare 
with Fig.- 214.) 


expand (Fig. 216), it does work in raising the weight. Its heat content 
and temperature are thereby decreased accordingly. 

Now, if heat be applied to the vessel (Fig. 217) and the piston is 
restrained by yoke,**!:^, from upward movement, the pressure exerted by 
the gas will increase. The added heat (energy) causes an increase in 
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the molecular vibration (Sec. 52) which procluccH the incu-eaHed pressure, 
If (Fig. 218) there is no restraining yoke, tiie pressurt^ t»f the gas must, 
as it is heated, remain constant (until P is pushed from i he cylinder) hut 
the volume of the gas will incrtaisc: Obviously, luait (uu*rgy <leriv(Hl from 
the torch flaiue (Fig. 2!8) is converted into 
mechanical energy wld(‘h tioes work in raising 
the weights. 

The above-descriluHl and other gas-con- 

dition changes occur in conformity witli laa’tain 
defiiuto laws. It is proposed to consider these 
laws in succeeding sections. 



Torch -j 


Fiq. 218. — Illustrating 
increase of volume by 
heating. (Compare with 
Fig. 214.) 


228, Physical Gas Phenomena Will 
First Be Considered Without Reference 
To Energy Or Work Transfer Or 
Changes, That is, Ind'ore prtxuualing 
with the energy ndations for gas exfian- 
sion and contrtuddon, th(^ following laws 
and subjects will be discuissed : (1) BoylPs 
law, Sec. 230. (2) (■harlc,^' l(uv, Stun 237. 

(3) Gay-Lii3sac\^ kno, Bchu 240. (4) 

General gas law, Sec. 248. (5) Gas den,mlies, 253. (6) 

Draft T'^oduced by differences in gas density, Sett. 25(>. It is 
desirable that these laws and subjects l)e t-horoughly uii(l(u- 
stood before the reader studies tlic energy and work r(4a.tions 
which apply in the expansion and coni.raction of gases. 

229. Certain Laws Which Follow Relate To Changes 
Wherein Some Property Such As Temperature, Volume Or 
Pressure Remains “Constant,”— This does not nuuin iliat 
necessarily the property must actually remain tlu^ same during 
the whole while that the change is oee.urring- in order tluit the 
law may apply. The laws will apply not only when the 
^'constant” condition is not varied while thn (‘hang<‘. is o(*.eur- 
ring but they will also apply when after a change, tlui ‘"con- 
stant” property is restored to its original value. 


Example.— -Boyle’s law which follows applies ouly wlieu the gas 
temperature is maintained “constant.” But the law is ofTociive in 
computing the volume or pressure for a second condition if the vohune 
and pressure for the first condition are known, provi<led the gas tem- 
perature for the second condition is restored to its original value, although 
gas temperature changes may have occurred in the meantime. 
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230, Boyle’s Law, first stated by the Irish physicist, Robert 
Boyle, who discovered it experimentally, is : If the temperature 



Fiq. 219. — Boyle’s law — temperature of a given weiglit of gas kept constant — pressure 
varies inversely as the volume. (Running water maintains gas temperature constant.) 
The pin holds the piston in fixed positions In IT the volume is twice that of J, hence 
the pressure in II is that in I. 



Fia. 220. — Gas expansion in accord- 
ance with Boyle’s law. (Temperature 
maintained constant through heating 
effect of water jacket.) 



Fig. 221. — Gas compression in ac- 
cordance with Boyle’s law. (Constant 
temperature maintained through cool- 
ing effect of jacket- water.) 


of a given weight of gas is kept constant (Fig. 219), the absolute 
pressure of the gas will vary inversely as its volume; conversely, 
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the volume will vary inversely as the ahsolufe pressure. Note 
particularly that this law applies only wlieii the gas tem- 
perature is maintained constant (sec Bee. 220), TIuit is, it 
applies only for isothermal (constant ttaiiperature) changes 
(Sec. 271). The law means (Figs. 220 and 221) iluit with a 
given weight of gas, if the volume of the gas is doubled, its 
absolute pressure will be halved, if its volume is tripled, its 
absolute pressure will then be one third of the original i)ressiirc, 
and so on. 

231. The Problems To Which Boyle’s Law May Be Applied 
are those wherein the volume of a given, weight of a gas a<t a 
certain pressure is known and it is ck^sired to e,oin])ut.e the 
volume of the gas at a different press‘ure^ or thc^ j>rcssure exerted 
by the gas when it occupies a different volume^ thc^ gas tem- 
perature being the same for the second condition a,s for the 
first. In practice, it is regarded more convenient by some 
persons to apply the general gas law of For. (145) for the sohi- 
tion of these problems. 

232. The Boyle’s -law Formula, which follows directly 
from the verbal statement of the law, is : 

(108) (ralio) 

Wherein: Pi and P% = respectively, the initial and final 
absolute pressures of any given weight of gas at a constant 
temperature (Sec, 229) in any pressure unit whatsoever, but 
both must be in the same unit. FiandFo == r(‘.sp(‘(d.ivoly, the 
initial and final volumes of the gas, in any voluine unit whatso- 
ever, but both must be in the same unit. 

Note. — ^It Is Impoktant To Note That In Ant pKoru.EM WmcJii 
Involves Initial And Final Conditions Of Gases, I^itheh Condi- 
tion May Be Considered The Initial And Eitiiioe The Fin at. (Con- 
dition. — Thus, in applying Boyle’s law, if there is a known value for 
P 2 , and Pi is desired, then F% may be considered the initial and !*i the 
final pressure. The same numeral subscript always refers t.o one set of 
conditions existing at the same time and must not he confusecL lluit 
is, P 2 always refers to the pressure at a volume of Vt and a temperature 
(see following sections) of T%. ‘ All the gas changes considered in this 
division, however, are reversible (Sec. 154) and may be thought of as 
taking place in either direction. 
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Note. — Transposed Forms Of Boyle’s Law, whicli are useful in 
solving problems, are here given: 

(109) Pa = (final absolute pressure) 

V 2 

(110) 1^2 = (final volume) 

Jr 2 

Wherein all symbols have the same meanings as stated under For. (108). 

Example. — certain weight of gas is compressed into a steel cylinder 
of a volume of 0.2 cu. ft. (Fi, Fig. 222) and then exerts a pressure of 
200 lb. per sq. in. gage. What will 
be the volume of this gas at atmos- 
pheric pressure (0 lb. per sq. in- 
gage) when the temperature in V 2 
is the original temperature in Vi? 

Solution. — By For. (110), V 2 == 

P 1 V 1 /P 2 = (200 -b 14.7) X 0.2 
(0 + 14.7) = 2.92 cu. ft. 

Example. — A certain gas con- 
tainer has in it 54,300 cu. ft. of a 
gas when the barometer registers 
29.12 in. of mercury column. Only 
atmospheric pressure is imposed on 
the gas in the container. Without 
leakage and without temperature 
change, it is found that the volume 
of the gas in the container increases 
to 54,650 cu. ft. What is the 
barometric pressure for the larger volume? Solution. — Barometers 
measure absolute pressures. Substitute in For. (109): Pa = P 1 V 1 /V 2 = 
29.12 X 54,300 -r- 54,650 = 28.93 in. 7nercury column. 

233. For A Given Weight Of Gas At A Constant Tempera- 
ture, The Product Of The Absolute Pressure And The Volume 
Will Be Constant regardless of the pressure and corresponding 
volume and vice versa. This is therefore the governing 
relationship for isothermal changes (Sec. 271), This is merely 
another statement of BoyWs law because by transposing For. 
(108), there results: 

(111) PiVi = P 2 T 2 ^PsTsotc (a constant) 

or this may be written : 

(112) PV ~ h (a constant) 

Explanation. — A cylinder (Fig. 223) with a movable piston head, 
P, contains 2 cu. ft. of gas at an absolute pressure of 30 lb. per sq. in. 
13 


''O.Z Cu.Ff.af ZOO lb. Per Sq’.In Press. Abs. 

,'CyJino^er Of Compressecf.Gos 
I rNeeo//e-l^re Hcrnof-yVbee/ 

fthlP' Space yVapPre- 
fi'/lec/ With WorfsrS 
'■ Expanc/hg Gas Hasl 

*7'-. 





As The Two Wcffer-lerels Are Even 
Fig. 222. — Certain -weight of a gas, 
compressed to a volume, Vi, of 0.2 cu. 
ft. at 200 lb. per sq. in. gage pressure. 
What -will be its volume, V 2 , at atmos- 
pheric pressure? Temperature remains 
constant. 
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For this condition, p7'essurG X volume = PV 30 X 2 60. Now 

weights, W (Fig. 224), are added to the movable head the volume 
of the gas is compressed to 1 cu. ft. (The eylind<‘r is so surnmnded with 
running water that it carries away the heat generated I)y the compression 
and maintains the temperature of C constaiit.) By t he addition of the 



Spcchrf QrmhmM it? AHMufe 
IKmJbk Pklm Hcacf — 



!V- ■■ -•■ O. .. -jil 

. ; fft:r}tii!ii/ w< 1 it: vi i » rA "* <. 

'Ci?ri:;fiirii if Cv//. / . ‘'■.V. 


Fig. 223. — Illustrating Boyle’s law, Fia. 22-1. — IlluHtrating Boyl<^’N law, 1 on. 

2 cu. ft., at 30 lb. poi* sq. in. abs. ft. at 0 lb. i>«*r h<i. in. film. pi’ic.sHurc. 

pressure. 


weights the pressure will he increased to (For. 109) 00 11). per stp in. abs. 
But PF = 1 X 60 ~ 60 as before. For any other pressure and volume, 
their product would be 60. Furthermore, it will bo noted from higs. 220 
and 221, that the product of P and V for any lioint on either of these 
Boyle’s-law graphs is a constant. Thus: 14 X 1 — 14; 7X2 - M; 
2.8 X 5 ^ 14; 1.4 X 10 = 14; 1 X 14 = 14. It ol)viously follows then 
that: 

(113) FiFi = PaFa - PaFa , etc. - k (a constant) 

which is the statement of For. (112) above. 


234. The Pressure -temperature Changes At Constant Vol- 
ume for a given weight of any certain gas wore <‘arly in vtudigai.c'd 
(see note under Sec. 237) and found to follow a gcuuo'al law 
(to be here called Charles^ law) : If a given weight of any gas 
is confined in a fixed volume and its pressure is measured while 
the gas is at 32° F., it will he found that its absolute pressure will 
increase 3^9 2 for each 1° F, that its temperature is increased 
—or, its absolute pressure will decrease Mo 2 for each 1° F* 
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that its temperature is decreased. This relation may be written 
as a formula, thus : 

(114) Pt ~ Pb 2 [1 + M 92 (T — 32)] (abs. pressure) 

or, expressing as a decimal: 

(115) Pt = P 32 [l + 0.002,033 (T - 32)] (abs. pressure) 

Wherein : P t = the absolute pressure of a gas, in any unit of 
pressure, at a certain temperature, T, and in a certain volume 
V. Pz 2 = the- absolute pressure of the same gas, in the same 
units as Pt is measured, when in the same volume, F, and at 
32° F. T — the temperature of the gas when exerting the 
pressure, Ptj in degrees Fahrenheit. 

Example. — A certain weight of gas, when confined in a closed container 
at 32° F., exerts a pressure of 100 lb. per sq. in. abs. Now at 33° F. 
and in the same volume, its pressure will be 3492 X 100 = 0.203,3 lb. per 
sq. in. greater than at 32° F. Furthermore, at 42° F. its pressure will be 
10 X 0.203,3 = 2.033 lb. per sq. in. greater than at 32° F. These same 
results may have been found by using For. (115), thus: At 33° F., 
Pt -= Pz2[l + 0.002,033(!r - 32)] = 100[1 + 0.002,033(33 - 32)] = 
100(1 + 0.002,033) = 100.203,3 lb. per sq. in. abs. Likewise at 42° F., 
Pt = 100[1 + 0.002,033(42 - 32) = 100(1 + 0.020,33) = 102.033 lb. 
per sq. in. abs. 

Example. — A cubic foot of air at 32° F. is under pressure of 300 
lb. per sq. in. abs. What would be the pressure if the air were cooled 
in the same volume to 0° F.? Solution. — By For. (115), Pt == P32[l -f- 
0,002, 033(T -- 32) = 300[1 + 0.002,033(0 - 32)] = 300 (1 - 0.065) = 
280.5 lb. per sq. in. abs. 

236. The Volume -temperature Changes At Constant Pres- 
sure for a given weight of any gas were also investigated (see 
note under Sec. 237) and found to follow a similar law to that 
given in the preceding section. The law governing the volume- 
temperature changes at constant pressure for a given weight of 
a gas is to be here called Gay Lussac's law: If a given weight 
of any gas he so confined that its volume and temperature can he 
varied while its pressure remains constant y it is found that the 
volume increases 3^:^9 2 volume at 32° F. for each 1° F . 

increase in its temperature; likewise the volume of the gas 
decreases J49 2 volume at 32° F.for every 1° F. decrease in 

temperature. This relation may be written as a formula, thus : 

(116) Vt = F32[1 + J492 {T - 32)] (volume) 
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or, expressing '^1/492’^ us u deciniul: 

(117) F.> - F32[1 + OJK)2,o;?:K7’ 32)] (volume) 

Wherein: Yt = the volume of a given weight of ga,s (in any 
unit) at a certain temperature, T, and pr(\ssur(‘ P. Fjjo = the 
volume of the same gas when at 32^ h\ a/nd uinhu* i.lu^ same 
pressure F. F = the temperature, in d(‘gr<H^s h'ahrenheit, 
at which the gas occupies the volume Fr. 

Example. — If at 32° F. aud at atmospheric pn'Hsure a, (u‘rt,5uii weight 
of a gas occupies 2 cu. ft., wliat volume will that, same gas oiaaipy at 
50° F., at 800° F., and at —20° F., tlic pressure*. b<*ing in <*a(di that of 
the atmosphere? Solution. — For. (117), Vr - rjr.:[l h t). 002,033 
{T - 32)]. Hence, at 50° F., Vt = 2(1 d™ 0.002,03:350 ~ 32)] = 

2(1 + 0.036,6) = 2.07:1,2 cu. ft At vS0O° F., Fj. {■0.002,033 

(800 - 32)] - 2(1 + 1.561) = 5.1,32 eu. ft At -20° K., 2]! + 

0.002,033(-20 - 32)] - 2(1 - 0.105,7) - 1.788,0 ra. ft. 

236. Our Notion Or Concept Of Absolute Temperature is 
based on the laws of diaries and Gay Ijus8a,(.*,, ms givtm in 
234 and 235. If an attempt is made, by using For. (IM), to 
find the pressure exerted by any gas at the b*mf)(‘r;il ur(! of 
—460° F., it is evident that the resulting jyressurt* is zero. 
Likewise, cooling a gas at consta.nt pr(*ssiir(^ i.o —100° F., 
will, by For. (116), reduce its volume to z{*ro. Ilmua*, if any 
(perfect) gas followed these laws exactly and if it wm'<.* possible 
to cool the gas gradually to a lower and lower iem jx'r.'dun*, it 
would be found that, at —460° F., the gas would oc(‘.n|)y no 
volume and would exert no pressure on the widl of it.s con- 
taining vessel. Therefore, it is logical to assunu* tha,t no 
lower temperature than —460° F. can even’ b<*. atl.aimu! for, 
if a lower temperature could be attained, then t.lu^ volume of a 
gas would, by For. (116), become negative • whieh is incon- 
ceivable, Hence, —460 F. is called tlie almdule zero of temi- 
perature and temperatures measured from —460° ¥. as a 
starting or datum point are called ahwlute tefwperaMre (sec 
also Sec . 61 ) . Asa formula : 

(118) T - F + 460 (dog. falu*. abs.) 

or, transposing: 

(11^) T = X — 460 (deg. fahr.) 

Whetein: T = the temperature of any body, in degrees 
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Fahrenheit on the alsolute scale. T = the temperature of the 
body in degrees Fahrenheit on the Fahrenheit scale. 

Example. — See examples under Sec, 62. 



Fiq. 225 . — Illustrating Charles’ law. With a constant volume of a given weight of 
gas, the absolute pressure varies as the absolute temperature. (See following graph 
for points corresponding to J, II, and III above.) 


Deg. Fa hr. 


237. Charles’ Law may be 
stated thus: 1/ the volume of 
a given weight, of gas (Fig. 

225) is kept constant^ the 
absolute pressure will vary 
directly as the absolute temper- 
ature of the gas. Note par- 
ticularly that this law applies 
only when the volume of the 
gas is maintained constant 
(see Sec. 229). That is, it 
applies only for isometric 
(constant volume) changes 
(Sec. 269). This law means 
that, with the volume held 
constant, if the absolute tem- 
perature of a given weight of 
a gas is doubled^, its absolute 
pressure will be doubled; if 
its absolute temperature is tripled, its absolute pressure will 
be tripled and so on. Likewise, halving the absolute temper- 
ature halves the pressure, etc. Figure 226 illustrates this 



Fig, 226 . — Graph illustrating Charles” 
law. Shows variations of pressure with 
temperature, of any given weight of a 
perfect gas, which is maintained at con- 
stant volume and which exerts a pressure of 
10 lb. persq. ft. at 32° F. 




PRACTICAL HEAT 


198 


[Div. 8 


fact graphically. See Sec. 239 for proof that tiie above 
statements are the same as those of Sec. 234. 

Note. — Charles' Law As Just Above Stated Ls Also Sometimes 
Calued Dalton's Law or Gay Lussac’s X^aw. (This should not be 
confused with Dalton's laws of inixed-gas partial iire^Bsures 8oc. 306 
which is an entirely different thing.) ^‘Dalton in 1801 first published 
the law. Gay Lussac, independently of Dalton, published tlio law in 
1802. ’In his publication, Gay Lussac states that Cha-rkis in 1787 had 
noted the law but had never published it." (Stone’s IOxteuimental 
Physics, p. 92, Ginn & Co., 1897). The above '‘( 'harlcs' law" and the 
following “Gay Lussac’s law" are togetlier often laderred to variously 
by different writers as either Charles' law or Gay laissne’s law. But for 
the purposes of this book, it is deemed wiser to adopt the nomenchiture 
which is indicated. 

238. The Problems To Which Charles^ Law May Be 
Applied are those wherein .the pressure of a given weight of 
gas, which is maintained at a constant volume, is known for a 
certain temperature and it is desired to compute citlier the 
pressure exerted by the gas at a different temperature or the 
temperature necessary to produce a different pressure. In 
practice, it is regarded as more convenient, by some people, to 
apply the general gas law, For. (145), for solving these problems.. 

Note. — The Only Changes To Which Charles' Law Applies 
Are Those Which Are Caused By The Addition Or Subtraction Of 
Heat, whereby the gas temperature is varied. The law cannot, since it 
is true only for a given weight of gas at constant volume, hold for cluinges 
caused by adding or subtracting gas or by compressing or expanding it. 


• 239. The Charles’ -law Formula which expresses the rela- 
tionship as given in the statement of the law (Sec. 237) is: 


(120) 

Pi Tx 

P 2 t; 

(ratio) 

or, 



(121) 

P _PiT2 

(final pressure) 

or. 



(122) 

rp T iP 2 

(ffiial t(Hnp(H-ature) 


Wherein: Pi and — respectively the initial and final abso- 
lute pressures of any given weight of gas at constant volume, 
y^hich may be expressed in any pressure unit but both must 
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be ©xpressed in tlie same unit. Ti and T2 — respectively 
the initial and final absolute temperatures of the gas expressed 
in any temperature unit provided both are expressed in the 
same unit. 


Derivation.-— By For. (114): Pt = Pz^l -f- H 92 (r - 32)]. By For. 
(119): T = T — 460. Now, substituting for T in For. (114), there 
results : 


(123) Pt PssU + 452 [(T - 460) -32]| 

Simplifying, there results: 


(124) 

(125) 

(126) 

(127) 

(128) 


Pt — P32 
Pt = 1^32!^ 


^ 492 


1 + 


T 492 
492 492 


Pr = Pa.[l+^-l] 


Pt = P 32 X 


492 



Pt __ T 
P 32 492 


Now, 32° F. — 492° F. abs. Hence, by using the symbols of For. (120), 
For. (128) becomes: 

(129) ^ 


which is the same as For. (120). 

Example. — If the pressure of a certain weight of gas, the -volume of 
which is maintained constant, is 100 lb. per sq. in. absolute and its 
temperature is 300° F. abs., what increase in temperature is necessary 
to increase the pressure exerted by this weight of gas to 150 lb. per sq. in. 
abs.? Solution.— By For. (122), T 2 = TiF./Pi = 300 X 150 100 = 

450° F. ahs. This represents a temperature increase of 450 — 300 == 
150° P. 

Example. — The gage on an airtight compressed-air tank (constant 
volume) registers 115 lb. per sq. in. The air in it has been heated by 
compression to 150° F. What will the gage register when the air cools 
down to 70° F.? Solution. — ^By For. (121), P 2 = P 1 T 2 /T 1 = (115 -f 
14.7) X (70 -1-460) -i- (150 -{-460) = 112.7 Ih. per sq. in. ahs.; or 112.7 — 
14.7 — 98.0 lb. per sq. in. gage. 

Example. — Say that 200 lb. per sq. in. is considered a safe gage 
pressure for a certain gas-storage tank (constant volume). Gas is 
pumped into the tank at a temperature of 49° F. until the pressure 
in the tank is 175 lb. per sq. in. gage. If the valves are all closed when 
the tank is full of gas in this condition, what will be the highest safe 
temperature to which the tank may be subjected? Solution. — 
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For. (122), T.. = T.7'=/B, = (-l^ 

14 7 ) = 57G“ h\ abs.; or 57(5 - -K’O IK' !'■ 

240. Gay Lussac’s Law may he ^i.aicd 
tlius: (Fig. 227): Jf the ahsolutc ‘pnmure 
of {imposed on) a given vnnght of any (jas 
is kepi convfanh its volume will vary 
directly as the absolute temperature of the 
gas. Note the simibirit^y heiween this 
and Charles' law of Bee. 237; with 
Charles’ law the vohune is k(‘|)l tionstant 
and the pressure va,ries while with Cay 
Lussac’s law the pressure is k(‘}>t con- 
stant and the volume varic's. Also note 
particularly that (kiy LussaeJs law 
applies only when tlic pn'ssun^ of, that 
.x-..;,.-. Ig thc prcssurc impos(Ml on, th(^ gas is 
j^aintained constant. Unit is, (eiy 
227.— Air confined t applies ouly for isohavic 

under constant pressure. imSfedO S n 

(Since the wight of the (cOnstant-piX'SSUrC;) cJiaiKjeS (nt d.. .w /U;. 

22S (l,.ul 220) 
that, with the pressure h(‘hl constant, 
if the absolute temt>cratiu’e of a- given 
weight of gas is doubh-d, it,s volunie 
will be doubled;' if it-s absolui.e tern- 
perature is tripled, its volume will bo tripl(«l and so on. 




lus - 
Fig. 


piston 

atmospheric pressure if 
any, are constant, the 
pressure imposed on and 
hence exerted by the air 
must be constant. ) 



..pressuto Rema/m Oomfanf 
. ' //(.•/■ ('.Vr.c‘.' 

Thermometef^. ' | ' 



/ in 




>. Cu. Ft. 

—Diagram illustrating Gay Dussao’s law. 


m 

Afid 2 j 4* Cm* H* 


(With a Klven weight of g»« at 


Fig. 228.— JUiagram juustrating vjr»y j^ui»aa.u ■» „ „ 

constant pressure, the volume varies as the absolute temporaturo. Boo following graph 
for points corresponding to J, II, and I/I, above. 1 
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Likewise, halving the absolute temperature halves the volume; 
with the original absolute temperature the volume will be 
yi of the original volume, etc. 

241 . The Problems To 
Which Gay Lussac’s Law 
May Be Applied are those 
wherein the volume of a given 
weight of gas, which is main- 
tained at a constant pressure 
is known for a certain tem- 
perature and it is desired to 
compute either the volume of 
the gas at a different temper- 
ature or the temperature 
necessary to produce a 
different volume. Note that, 
in practice, it is usually more 
convenient to apply the 
general gas law, For. (145) for 
solving these problems. 

Note. — The Only Changes To 
Which Gay Lussac’s Law Applies 
Are Those Which Are Caused By The Addition Or Subtraction 
Of Heat, whereby the gas temperature is varied. The law cannot, 
since it is true only for a given weight of gas at constant 'pressure, hold for 
changes caused by adding or subtracting gas or for changes by com- 
pressing or expanding it mechanically unless heat' is simultaneously 
abstracted or added at just the proper rates to maintain the pressure 
constant. 


242. The Gay Lussac’s-law Formula, which expresses 
mathematically the preceding verbal statement of the law, is : 


(130) 

Zl _ II 

F 2 T 2 

(ratio) 

or, 

xr F 1 T 2 

V 2 — 

i. 1 


(131) 

(final volume) 

or. 

T 1 F 2 

Ts - 


(132) 

(final temp.) 


T© mpe r 01 1 ur e Deg-Foihr. 

-360 -160 +40 +Z40 +440 

-460 -260 -60 ! +140 + 340 + 540 

■ 




0 lOO 360 500 700 900 

200 400 Y 600 800 1,000 

+ 492 

Temperoiture Deg. Fcxhr. Abs. 

Fia. 229. — Graph illustrates Gay- 
Lussac’s law. Shows variation of volume 
directly with temperature, of any given 
weight of a perfect gas which is maintained 
at constant pressure and which occupies a 
volume of 12 cu. ft. at 32° F. 
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Wherein: Fi and F2 = respectively the initial and the final 
volumes of the gas which may be cxpr(\ss(Hi in any unit of 
volume, but both must be exiiresscHl in the saane unit. Ti 
and T2 = respective] >' the initial and final absolute tinnpera- 
tures of the gas expressed in any temperaturi', unit provided 
both are expressed in the same unit. 

Derivation'.— The fornmla given above (130), can bo derived from 
For. (116) j-ust as was For. (120) derived from For. (IM) in »Sec. 230. 

Example. — A given weight of a gas is confined at atmospheric pr(‘KHure 
and occupies 75 cu, ft, at 520® F, abs. What volume will it occuijy 

635° F. abs. and at the same i)rcssure? Solution. -By For. (131), 

F 2 = F 1 T 2 /T 1 = 75 X 635 520 = 91.6 cw. //. 

Example. — A body of gas at 580° F. abs. is compresscul to one third of 
its original volume. To what temperature must it bis cooled to reduce 
its pressure to the same value as that before the compression? Solu- 
tion.— By For. (132), Ta = TiF^/Fj - 580 X 1 3 - 193" F. 

Example. — If a certain weight of a flexibly confincul gas (Fig. 230), 
which is maintained at constant pressure lias a volume of 9 cu. ft, at 
32° F., what will be its volume when the gas is heated to 52 °? What 



Fia. 230. — Showing dooreaso in volume at conataut i:)re«auro duo tu 10® F. (ItuirtiaBo in 

temporaturo. 

would be its .volume if the gas were cooled to 22® F. ? Solution.— By 
For. (118), T =.r + 460. Hence Ti, (32° F.) - 32 -b 400 - *192° F. 
abs. Also, Ta (52° F.) - 52 + 400 512° F. abs. And, Ta (22° F.) = 

22 -1- 46.0. - 482° F. abs. By For. (131), Fa « Fi Ta/T^ -- 9 X 512 
492 9.37 cu.Jt. Also, Vz = FiTs/Ti - 9 X 482 -r- 492 « 8.8 cu. ft. 

Example. — If 100 cu. ft. of air at 60° F. is drawm into a boiler furnace, 
what volume will this air occupy: (a) In the combustion chnanber where 
the temperature 2,350° F.? (6) In the last pass of the boiler wlierc the 

temperature is 500° F.? (c) In the stack where the temi)erature is 250° 

F.? The pressure of the flue gases is, practically, atmospheric pressure 
in all parts of a furnace, boiler, and stack. Hence, the pressure may be 
assumed to be constant in this example. 

Solution.— By For. (118), T ^ F + 460. Hence, (60° F.) « 00 -f 
460 = 520° F. abs. Also, Ta (2,350° F.) « 2,360 + 460 * 2,810° F. abs. 
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and Ts (500° T.) = 500 + 460 = 960° F. abs. and T 4 (250° F.) = 250 + 
460 = 710° F. abs. (a) By For. (131), Y, = FiTj/Ti = 100 X 2,810 
520 = 540 m. /«. (fe) Also, Fs = FiTj/Ti = 100 X 960 h- 520 = 185 
CM. ft. (c) And, 74 = 7iT4/Ti = 100 X 710 -r 520 = 137 cm. ft. 

243. A Combination Of Two Of The Three Fundamental 
Laws (Boyle’s, Charles’ And Gay Lussac’s) May Be Employed 
To Determine The Effect Of Simultaneous Changes In 
Volume, Pressure, And Temperature, for a given weight of any 
gas, when values for all three of these properties are known 
for the initial condition and values for two of them are known 
for the final condition. (See Table 244.) First, to find the 
result due to the changes in two of the properties, one of the 
laws is employed. Then, one other of the laws is applied 
(using the value obtained in the first operation) to compute 
the effect of the change in the third property. In any case, the 
two formulas which are used are the ones in both of which the 
unknown quantity (7, P, or P) appears. The following 
example explains the operation. 

Note.— Foe; (133) Which Combines In One Boyle’s, Chaeles’, And 
Gat Lussac’s Laws, May Be Used Instead Op The Above Explained 
Opeeation. — Or, in practice, the general gas law, Sec. 249, which is usu- 
ally more convenient and which is of broader application is, ordinarily, 
employed. The material in the preceding and following sections is 
included principally to permit of a logical development of the general gas 
law of following Sec. 249. 



244. Table Showing Combined Applications Of Boyle’s, Charles’, And Gay Lussac’s Laws. See Sec. 
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Absolute temperature in the above table. 
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Example. A cylinder (Fig. 231) contains 1 cu. ft. of gas at an absolute 
pressure of 15 lb. per sq. in., and temperature of 500° F. abs. Now, tlie 
absolute pressure is increased (Fig. 232) to 30 lb. per sq. in. Then, the 


,Thermm2fer Show/na 
Absolute. Temperatures 


Thermomefer Showing 
Absolute Temperatures 

: ■ W 





'itoyab'e I'lsAr'i lea:/ 
Absolute-Pressure Qag/e' 



Fia. 231, — Illustrating the 
initial condition of the gas in 
the example. 


Fig. 232. — First change; change 
of volume and pressure in accord- 
ance with Boyle’s law. 


temperature is increased (Fig. 233) to 600° F. abs. 
What is the resulting volume? (The final result 
would be the same if the above-specified changes 
all occurred simultaneously instead of occurring 
one after the other.) 

Solution. — Call the volume of the gas after the 
first change (Fig. 232) V^. Then, in accordance 
with Boyle's law, the final volume due to the 
pressure change alone, as given by For. (110) = 
F/ - P 1 F 1 /P 2 = 1 X 15 4- 30 - 0.5 cu. ft. Then 
according to Gay Lussac's law, the volume due to 
the temperature change alone, as given by For. 
(131) = Fa = F2'T2 /Ti = 0.5 X 600 ^ 500 - 
0.6 cu. ft. 

246. The Formula Which Combines 
Boyle’s, Charles’, And Gay Lussac’s Laws 
and which applies for a given weight of 
any gas, the derivation of which is given 
below, is this : 


.'Aolofeof Weight 



Temperatures 


Fig. 233. — S e c o n d 
change; change of vol- 
ume and temperature in 
accordance with Gay 
Lussac’s law. 


(133) 


PiVi P%V. 
nr. 


(units as noted) 
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Or, by transposing, 

(134) P2 = "y^Xi ' (bnal abs. pressure) 

PiFiTs 1 1 

(135) (bnal volume) 

PoFoTi 

(136) Ta = p\Vi t<'!ii|«'i-;i(.uro,) 

Wherein: Pi and Pa = respectively, the initial and final abso- 
lute pressures of the gas in any pressure unit but, lioth must be- 
in the same unit. Fi and Fa = rcspeetivc'ly, the init.ial and 
final volumes of the gas in any volume unit hut both must bo in 
the same unit. Ti and Ta = respectively, t-he init.ial and final 
absolute temperatures of the gas both on the same scale. 

Derivation. — Repeating the three fundaiucuta.1 gaH-law formulas and 
stating them in their general forms without employing any 8i)ecific units: 
Boyle’s law, For. (108) is: 

(137) or PiVi - PiVi 
Charles’ law, For. (120) is: 

(1381 f or P,T, = /hT, 

Gay Lussac’s law, For. (130) is: 

(139) ^ ^ or y,T» = y,T, 

K 2 A 2 

Now multiplying together the second forms of each of the al)Ove equa- 
tions, there results : 

(140) PxVi X F 1 T 2 X F 1 T 2 - IWx X i^iT, X K 2 T 1 
Or performing the multiplication indicated above: 

(141) PiWx^TP - 

Extracting the square root of both sides of the otjuation: 

(142) PiF.Tu « PxVxTx 


Or transposing to a more convenient form: 


(143) 


Ti Ts 


which is the same as For. (133). 

Example. — Solve, using For. (133) transposed, the example which is 
given under Sec. 244. Solution.— By For, (135), Vx * PiV^Tx/PxTi 
== 15 X 1 X 600 500 X 30 « 0.6 cu. ft. 

Example. — A certain quantity of air (Fig. 234) has a volume of 40 
cu. ft. when at a pressure of 30 lb, per sq. in. abs. and a temperature of 
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80° F. The air is permitted to expand until its volume is 80 cu, ft. and 
simultaneously its temperature is reduced (by cooling) to 50° F. What 
is the absolute pressure which is exerted by the air at the end of its 
expansion? Solution. — 80° F. = 80 

460 = 540° F. ahs. 50° F. = 50 

460 = 510° F. ahs. Now, by For. 

(134), P2 = PiViT^/V^T^ = 30 X 40 
X 510 80 X 540 = 14.2 lb. per sq. 

in. ahs. 

Example. — If a city is supplied 
with natural gas (Fig. 235) under an 
agreement to pay 25 ct. per 1,000 cu. 
ft. when the gas is measured at at- 
mospheric pressure (14.7 lb. per sq. in. 
abs.) and at 60° F., what should the 
city pay for 20,000 cu. ft. measured 
at 90° F. and 300 lb. per sq. in. gage? 

Solution. — Since this is a problem 
involving a given weight of a given 
gas, it may be solved by the combined gas law. Sec. 245. Applying 
For. (135), V 2 = P1F1T2/F2T1 = (300 + 14.7) X 20,000 X (460 4- 
60) ^ [14.7 X (460 + 90)1 = 314.7 X 20,000 X 520 (14.7 X 540) = 

412,300 cu. ft. Hence, the city should pay $0.25 X (412,300 ^ 1,000) = 
$103.08. 


'Steel Container 


V 

1 Vacuum 

1 Vafve^ 



f y-r 

^ " 40 Cu. F+ 1 


■ - Airy-.. 






Reads 50 Reg. Reads 50 Deg.-' 

I- Original H- Final 

Condition Condition 

Fig. 234. — What is the final pressure, 
Pa, of the air? 



Fig. 235. — At 25 ct, per 1,000 cu. ft. measured at 14.7 lb. per sq. in. abs. and at 60° F., 
how much does the city owe for the day's supply of gas? 


]^OTE. — Terms Used In Those Heat-engine Problems, Which 
May Be Solved By Applying The General Gas Law Formulas, and 
which should be understood before proceeding, are: The ‘‘here” of an 
engine is the internal diameter of its cylinder — ^the outside diameter of 
its piston. The “stroke” of an engine is the lineal distance, along the 
cylinder, which is swept through by the piston; it is equal to the travel 
of the crosshead. The “clearance” or “clearance volume” of an engine 
is the volume of space, in the engine cylinder, left between the adjacent 
cylinder head and the piston when the piston is at the end of its stroke^ 
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plus the volume of the part which leads to it ; clearance h usually 
expressed as a ratio in percent thus: (Hctmuicr {Ertirajur i*oiu}Ne)/(voU 
unie swept through by piston). The ^'displareniiMl rolutnc'^ of mi engine 
is the volume through which tlie piston sweeps. 

Example.—A gas engine, 'wliieh has a clearance of 20 j>er cent., draws 
in a charge of gas at a,tmospheru5 presstire and at a t«mip(‘rat,ure of 70® F. 
The charge completely fills the clearance anti tije dispiacenKmi volumes. 
The charge is then, prior to ignition, (;oinpr(*sst‘d into t he <dearance. The 
gage pressure, which the gas then exerts, as shown hy a pressurtj gage, is 
145.3 ib. per sq, in.; what is the tcniperatun^ of the gas? 

Solution. — T 2 — theuidcnown. Ti — 70 -h 400 530“ /t’. ohs. Pi = 

14,7 lb, per sq. in. ahs. Pt = 145.3 -4- 14.7 1(50,0 ll). per sq. in. ahs. 

Vi — (displace7nent volume) + (clcfiranve volume) - - 100 per eenl. -f 20 
per cent, = 120 per cent. Fa — clearance volume 20 per cent. Now, 
substitute in For. (130): T« ^ PtV •PC i/PxVi - (530 X 100 X 20) -r 
(14.7 X 120) -= 1,690,000 1,704 961“ F. or 001 ~ 400 5()FF. 

Example. — Assume that the cluirge of gas, afttm being compressed, as 
in the preceding example, is ignited. If the temptu-ature- comlnistion 
temperature — ^then becomes 3,25S® F, and thtj pisf.on has not moved 
from the final position which was specified in the e.xample just preceding, 
what then will be the pressure against the piston? 

Solution. — Since the gas charge here considered is f lic same one that 
was used in the first gas-engine example, the sanui originid, initial condi- 
tion may be taken for the preceding exmiqile and for thi.s example. 
Hence: Pi = 14.7 lb. per sq. in. ahs. P% — the unknown. V\ ™ 120 
per cent. F 2 = 20 per cent. Ti = 530® F. ahs. Ta ~ I,i,258 -f- 400 =* 
3,718® F. ahs. Now, substitute in For. (134): Pa - PiFiXa/FaTx = 
(14.7 X 120 X 3,718) (20 X 530) = 6,558,552 10, 600 618.7 lb. 

per sq. in. ahs. Another Solution Of Tins vSam e Ex am pi., e could be 
effected by using in this example the final-condition values from the 
preceding example, thus; Pa == PiViT^/VuTi — (160 X F X 3,718) 

(F X 961) = 594,880 961 = 618.7 ilE per sg. m. a6«. or 618.7 - 14.7== 

604 lb. per sq. in. gage. 

Example. — The same charge of gas, which was considered in the two 
examples Just preceding, was ignited and exploded in the previous 
example. It now expands and pushes the gas-engine piston lieforo it to 
the end of the expansion stroke. If tVio pressure (exerted hy the gas 
at the end of its expansion stroke is 40 lb. per sq. in. abs., wdiat is its 
temperature? 

Solution. — Since the gas charge which is consiilered here is the same 
one that was used in the first gas-engine example, tlu'-. same original, initial 
conditions which were employed in the two oxainples Just preceding may. 
be used in this example. Hence: T 2 = the unknown. Ti « 530® F. ahs., 
from the preceding example. Pi « 14.7 lb. per sq. in. ahs. F% « 
40 lb. per sq. in. ahs. V remains constant, since for both the second and 
the first conditions it is 120 per cent. Now substitute in For, (136): 
Ta = PaFaTi/PiFi = (530 X 40 X F) -5- (14.7 X F) « 21,200 -f- 14.7 « 
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1,442° F. abs. Another Solution Of This Same Example could be 
effected by using in this exanaple, the final-condition values from the 
preceding example, thus: T 2 = P2V2T1/P1V1 = (3,718 X 40 X 120) -7- 
(618.7 X 20) = 17,846,300 12,347 = 1,442° F. abs. 

246. For Any Given Weight Of A Perfect Gas, The QuO“ 
tient, Which Is Obtained By Dividing The Product Of Its 
Absolute Pressure And Volume By Its Absolute Temperature, 
Is A Constant; that is, the quotient has the. same value for 
any condition of the gas. This is merely a statement, in 
words, of the fact which is expressed mathematically by For. 
(133). Or, the same fact stated in still another way is: 


(144) 



(constant) 


Wherein: P = the absolute pressure, which is exerted on or 
by any weight of the gas, in any pressure unit. V — the 
volume, of the same weight of gas when it is exerting the 
pressure P, in any volume unit. T = the absolute tempera- 
ture, of the same weight of gas when it is exerting the pressure 
P, in any temperature unit, k ~ a. constant value, for the 
given weight of gas, for any pressure-volume-temperature 
condition, the pressure, volume, and temperature respec- 
tively being always expressed in the same unit for each differ- 
ent condition. That is, this k represents a constant value in 
the same way that the value of k (Sec. 112) in the Boyle's-law 
formula remains constant for any given weight of a gas. 

247. Values Of “k’’ For 1 Lb. Of Different Gases have 
been determined experimentally for practically all of the 
known gases. In this book such values are denoted by the 
symbol “Icq.” They are, for some of the more common 
gases and for certain measurement units, given in Table 251. 
These Table 251 values hold only for 1 lb. of gas where: (1) The 
volume is measured in cubic feet. (2) The absolute pressure is 
measured in pounds per square foot. (3) The temperature is 
measured in degrees Fahrenheit absolute. If measurement 
units other than those just specified in (1), (2) and (3) are 
employed, then the ka values will change accordingly. 


Explanation. — In Determining Experimentally The Value Of 
kg. For A Given Gas, it is only necessary to measure simultaneously 
the: (1) absolute 'pressure, and the corresponding (2) volume, (3) absoltde 

14 ' 
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temperaturej and (4) weight of the <iuantity of gas luuku* consideration. 
The quantity may be any that is convenient. ^Similarly, tlie pressure 
and the corresponding volume and tenii,>cn'utiire condition may lie any 
that are convenient. Then, applying For. (144), multiply t;og(dlier the 
corresponding absolute xu'cssurc, P, and volume, T", and iliviile tlieir 
product by the absolute temperature, T. 4110 rt‘«idfc will be k for the 
total quantity of gas under consideration. Ah .stated in the preceding 
section, the value of k for any given weight of any cert ain gas will always 
be the same regardless of its pressure, volume am! tempcu-ut.iire condition. 
Then, by dividing the ‘‘k” value thus computed l>y the number of pounds 
in the total quantity of gas, the value of k for 1 11)., t.liat ik, the value of 
ko is obtained. To explain the reason for this, suppose that 1 lb. of a 
gas, at a given temperature and pressure, o(icupicH 1 (m. ft. It, is obvious 
that, at the same pressure and temperature, 2 lb. of ilu^ gas must occupy 
2 cu. ft., and W pounds must occupy W cu. ft. Now, simto k — PV/T 
and since V varies directly as'the weight of gan umUn* consideraLion, it 
follows that k must also vary directly with the weight. 

Note. — It Is Also True That, For Any (5 ah: ko ■ - [(//.s- ,rpedfLc 
heat at constant pressure) — (Its spccljic heat at eotislanl volume)] X 778. 
This is here stated merely as an intenisting fact; no (uideavor will be 
made herein to explain the reason therefor. 

Example. — It is found by experiment tliat 1 cm ft, of air at atmos- 
pheric pressure and at a temperature of 82'*’ t’., weighs 0.0X0,71 lb. 
What is the gas constant, hot for air. HomraaoN. -By definition, 
atmospheric pressure ~ 14.7 lb. per sq. in. ahs. 14.7 X 144 --- 2116.8 
lb. per sq. ft. ahs. Also, taking the more accurate value of 
instead of the usual ‘‘460“'' for the difhu-ence bctweim th(^ absolute 
zero and the Fahrenheit zero: 32“ P. — 32 •4-460.0 ^ 401.0“ F. ahs. 
Now substitute in For. (144) to obtain the constant fgr this weight 
(0.080,71 lb.) of air = /c ~ PF/T - 2110,8 X 1 401.0 4.306. The 

same constant “4.306” would be obtained, for this weight of air, for any 
other temperature — ^pressure — ^volume condition. Now divide by the 
weight of air to obtain the gas constant for 1 lb. of air -- ko ■ 4.306 
0,080,71 “ 63.34, which is the same value as that givtm for air in 
Table 251. 

248. The General Gas Law (The Perfect -gas Law) states 
the relation which exists between the pressunb volunuo abso- 
lute temperature; and weight of a perfect gas. It is g(>n(vrally 
expressed as an equation as shown by For. (145). It is a 
very important law and one with which evtvry engineer should 
be familiar because it recognizes in oru* oquu-Mon every property 
of a given gas that may change, that is, which is variable. 
It is based on a combination of Boyle's, Charles' and Gay 
Lussac's laws, as is shown in the following derivation. 
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249. The General-gas-law Formulas are given below. 
Note that, in substituting in these formulas, 
foot absolute-pressure values and degrees Fahrenheit absolute- 
temperature values must be used. But these may readily 
be derived from gage-pressure and degree-Fahrenheit values. 


as explained in Secs. 

17 and 62. 


(146) 

hence, transposing: 

PY = whaT 

(pressure and volume) 

(146) 

h 

II 

(lb. per sq. ft. abs.) 

furthermore: 



(147) 

^ - p 

(cu. ft.) 

and: 



(148) 

• T = 

Wk^ 

(deg. Fahr. abs.) 

and: 



(149) 

II 

(lb.) 

and: 

~ WT 


(160) 

(gas constant) 

and: 



(151) 

II 

II 

Cl 



Wherein: P = the absolute pressure of the gas, in pounds per 
square foot. V — the volume of the gas, in cubic feet. 
W = the weight of the gas, in pounds, fcc = a constant 
which varies with the kind of gas and with the units of measure- 
ment which are used; for the units here specified, values for 
different gases are given in Table 251. T = the absolute 
temperature of the gas in Fahrenheit degrees. Z) = the 
density of the gas, in pounds per cubic foot. 

Derivation. — For. (144) is merely another way of expressing For. 
(133) which is derived, as there shown, by combining Boyle's, Charles' and 
Gay Lussac's laws. Now, For. (144) is for “any given weight of gas." 
That is, it assumes that the weight of gas under consideration is con- 
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staiit. Thus, repenting For, but using syiuhols \vhii*h express; 

( 1 ) Pressure in po unds per square foot , ( 2 ) vtdume in cubic feet, {A) temperu- 
ture in degrees Fahrenheit ahsolidef tlunn; n»sul(s: 

PV 

(152) == Up- (constant tor any given wtlglit of gas) 

Now, by definition, ka == gas constant for \ lb. of gas. It, was shown 

under Sec. 247 tluvt if ka, which is tiu* gas constant for I lb. of the gas 

which is under considcralion, be multipHtal by W, \vhi<*!i rt‘pr{*s(Mits the 

total weight in pounds of the gas, tiie n’sult will tso A% tin* constant for the 
total amount of gas. That is : 

( 153 ) k — Wka (constant for any given weight, of gas) 

Now, substituting the CHiuivalent of k from I"'or. (loM) in For. (152) there 
results : 

(154) Wfc,, - 

and then transposing : 

(155) W/c«T - PV .. 
which is the same as For. (145). 

250. The General-gas -law Formulas Are The Engineer’s 
Practical Working Formulas.—Any prohleun whitdi (‘.{in bo 
solved by applying either Boyles', C-harh's', or ( hiy Lnssac's 
laws can be solved with thcmi. Furiluninortn by their use 
many problems, to which none of tli<‘S(; thnu; hiws {ipi)Iy, can 
be worked. Hence, they arc the only forinuLas tiuit ihkhI bo 
memorized for any of these cotnpntairions. T'h(‘ (‘xtunples 
which are given below ilhistratc only a fenv of their many 
applications. 


Note. — ^The Geneiial Gab Law- Ilonns Onuy Foe Fehpe<‘t Gaheb— 
as they are defined in Sec. 220 as do all of the ot htT laws ir<;att;d in 
this division. In fact, the following (Udinition is Honictinuis giviai: 
A gas which has properties such that it conforms cxartlg to the general gas 
law is a perfect gas. But the pci'formaiua^K of many ordinary gaw's con- 
form sufficiently to the general gas law that, for tins imual (mgincering 
computations, it provides results well within the limits of rcuiuircd 
accuracy. 

261, Specific Heats, Values Of And Values Of “fe” 
For Some Of The More Common Gases* Siiecific-heat 

values shown are average values over the tiunixuriiinni ranges 
(32°-400® F.) ordinarily encountered in pra.c.lhu*. Values in 
line 9 are variable. All others are from Marks’ Mechanical 
Engineers’ Handbook.” See Sec. 247 for units which must be 
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employed when the ko values are used. The substances of 
items 1, 2 and 10 are not to be treated as gases unless highly 
superheated; see Div. 11. 



1 

1 

Chem- 

ical 

symbol 

Specific heat 

1 

kG = Gas 
constant 
= (Cp - 
Cf) X 77S 


Name of gas 

At constant 
pressure, 
Cp 

At constant 
volume, 

Cf 

k = 

Cp -j- Cf 

1 

Sulphur dioxide 

SO 2 

0.154 

0. 123 

1.25 

24.10 

2 1 

Carbon dioxide 

CO 2 

0.210 1 

0.160 

j 1.31 

35.09 

3 

Oxygen 

O 2 

0.217 

0. 155 

1.40 

48.25 

4 

Air 


0.241 

0. 171 

0. 176 

1.40 

1.40 

53.34 

54.99 

5 1 

Nitrogen 

N 2 

0.247 

6 

Ethylene 

C 2 H 4 

0.400 

0.330 

1.20 

1 55.08 

7 

Carbon monoxide .... 

CO 

0.243 

0. 172 

1.41 

55. 14 

S 

Acetylene 

C 2 H 2 

0.350 

0.270 

1.28 

59.34 

9 

Blast furnace 


0.245 

0. 174 

1.40 

1.31 

55 . 05 
90.50 

10 

Ammonia 

NHs 

0.523 

0.399 

11 

Methane 

cm 

0.593 

0 . 450 

1 . 32 

96.31 

765.9 

12 

Hydrogen 

Hi, 

3.42 

2.44 

1.40 


252. The Problems Which Can Be Solved With The 
General Gas Law, Fors. (145) to (151), are: (1) Those in 
which values for four of the five properties — pressure^ volume, 
temperature, weight, and hind of gas — of a quantity of gas are 
known for a certain condition and it is desired to determine the 
value of the fifth property for that condition. (2) Those in 
which values for four of the five properties of a quantity of gas 
are known for a first given condition and, for a second condition, 
two of the values change while the other three remain constant; 
then, knowing the final value of one of the changed properties, 
the value of the other changed property may he computed. 

Example. — vessel (Fig. 236) contains 5 lb. of air. The gage pres- 
sure is 20 lb. per sq. in. Th.e temperature is 90° F. What is the cubical 
content of the vessel? Solution. — ^The absolute 'pressure = (20 + 14.7) 
X 144 = 5,000 Ih. per sq. ft. The absolute temperature = 460 -f- 90 = 
550° F. abs. From Table 251, ho for air 53.34. Now substituting 
the known values in For. (147): V = WkoT/P = (5 X 53,34 X 550) 

5,000 = 29.3 cu. ft. 
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Example.— A receiver (Fig. 237) ceiitHiius S(K) cn. ft. of c'oeiprrased 
air at a gage pressure, of 120 Ih. per in. li.s ttunperuture is W F. 
What is the weight of the air. HoLUTUiX.- -Hh* dlmtluie pmssiire * 
(120 + 14.7) X 144 iA, m) Ih, prr sq. ft 
Tlic alhHiiinfi: tvtiiprruiun' 4tU> j- 80 
540“ F, ahi^, IVoru 'ralde 2."!, I' q for air 
."-53.34. Now .suhstilufe in For. (149): 
W - FV/k.ft 
540) 530 Ih. 


Thermomefe^--^^ 
Reacts 20 , 



(iO,4cH) X SOO) (53.34 X 


■ OOP O O 0 0 < 

Sf'/cef-6toef 7crr7F->’‘ 

Fig. 236. — ^What is the volume 
of the vessel? 



Fit}. 237. — -What is the weight of the air? 



Fig, 238. — What is 

the gage pressure? 


Exampi.e. — I t ia(ieHire<l to ntorc 5011). of oxygen 
gas in a metal cylin<ler (Fig. 23H) which is 3 ft. in 
diameter and 8 ft. long. What must he tlic pres- 
sure shown by tl:ic gagc; on tlu^ t ank when it con- 
tains 50 lb. of oxygen, if tlie oxygim is ptimpcd in 
at a temperature of 120“ F. Y H<>Lif'i'U>N.---Thc 
volume of the tank 0.7H5 X 3 X 3 X 8 = 50.5 
cu. ft, Fi’om Table 251, for oxygen, Ay? 48.25. 
The ahaolutc tampcratm'C - • 120 -p 400 ■ 580" F. 

abs. Now substitute in For. (140): P - ^ WAy?T/F 
= (50 X 48.25 X 580) 50,5 24,705 lb, ^xr sq. 

ft. ahs, Pownda per squaro inch abmluia -= 24,765 
~h 144 = 171.0 lb. per sq. in, al>x. (hign pret^Hure 
• absolute pressure — 14.7 « 171.0 — - 14.7 ~ 157.2 
lb. per sq. in, = 2 >rcssure which should be shown by 
gage on cylinder. 

Example. — ^An air coinprosaor ptiinps 120 cu, 
ft. per min. of free air (atmospheric i).reBHure), 
which is at an average tem|>eraturo of 70" F, 
Disregarding the effect of moiHture in the air, what 
is the weight of the air whic.h is ptnnpcd each 
minute? Solution.— l^rom Table 251, for air, 
kQ ~ 53.34. Now, substitute in For. (149): W »« 
FV/kaT « [(14.7 X 144) X 120] [53.34 X (70 

+ 460)J - [2,116.8 X 120] [63.34 X 530] - 

254,016 28,276 « 9.0 lb. 
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Example In Which The Values Fob Four Properties Are Known 
For a First Given Condition And, For A Second Condition, Two 
Of The Values Change While The Other Three Remain Con- 
stant, it being necessary to determine the final value of one of the 
changed properties: A steel container holds 800 cu. ft. of air which 
is at a pressure of 19,400 lb. per sq. ft. abs. and a temperature of 540° F. 
abs. What will be the pressure exerted by the air if its temperature is 
increased to 600° F. abs.? Solution. — ^From Table 251, for air, /cg «= 
53.34. Hence, by For. (149), W - PV/kaT = 19,400 X SCO (53.34 
X 540) = 538.7 lb. Now substitute in For. (146): P = WkoT/V = 
538.7 X 53.34 X 600 -4- 800 = 21,567 lb. per sq. ft. abs. 

253. The “Density’’ Of Any Substance is its mass per unit 
of volume. In engineering, density is usually considered as the 
weight of a unit volume of a substance — ^that is, if a body’s 
weight be divided by its volume, the result is called its density. 
The weight and volume may be measured in any convenient 
units. If the weight be measured in pounds and the volume 
in cubic feet, the resultant density is expressed in pounds 
per cubic foot. This unit (lb. per cu. ft.) is very widely used 
in engineering work. The formula for density, expressed 
in this unit, is : 

W 

( 156 ) D == (lb. per cu. ft.) 

which, by transposition, gives: 

(157) ^ 
and 

( 158 ) W = VD , (pounds) 

Wherein: D = the density of a substance, in pounds per cubic 
foot. W == its weight, in pounds. V = its volume, in cubic 
feet. 

Example. — If 6 cu. ft. of water weigh 375 lb., what is the density 
of the water? Solution. — By For. (156), D = W/V — 375 6 — 

62.5 lb. per cu. ft. 

Example. — If the density of air (under certain conditions) is 0.1 Ib. 
per cu. ft., what volume will 8 lb. of air occupy? Solution. — By For. 
(157), V - W/JD - 8 -4- 0.1 = 80 cu. ft. 

Example. — What weight of hydrogen will be contained in a 5-cu. ft. 
container if the density of the hydrogen is 0.03 lb. per cu. ft. ? Solu-, 
TioN. — By For. (158), "W == VD = 5 X. 0.03 = 0.15 lb. 
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264. The Density Of Any Substance Will Vary with its 
temperature or with any other proptui-y whic^li aiTects its 
volume. Thus, since heating a solid exprtnds it but does not 
(ordinarily) change its weight, it is obvious that heating will 
decrease the density of a solid. With gast^s, the dcmsity 
depends on the pressure, tempio-ature, and kind of gas. With 
a given weight of a certain gas, tlu^ ilensity varitss with the 
pressure and temperature, h'ormulas for the (hmsity of a. gas 
and for its variations with prt'ssurc^ and t.<anp{u*aturo are 
derived by substituting from For. (156) into the gas-law 
formulas which have already Ixani dc^vi^lopcah Thus, for a 
given weight of any gas at constaait hanptu'at.uix^ (Hoyle’s 
law) : 


(169) 

Pi D, 

Pi . Ih 

(ratio) 

or 



(159A) 

D.. = 

- Pi 

(final demsity) 

at constant volume, (Charles^ law) : 


(160) 

/>! - Do 

(density) 

at constant pressure (Gay-Lussa.c’s law) : 


(161) 

Ti D., 

T 2 Di 

(ratio) 

or 



(162) 

n DiTi 

J->i = 

A 2 

(final <lensity) 


For a given weight of any gas (combined law) ; 


(163) 

or 


Pi ^ 

DiTi D2T2 


DxTxP: 

T2P" 


(ratio) 


(164) 


(final density) 
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Now from For. (156) - W/V. Then, substituting 

this Df for its equivalent in For. (151) for the general gas law, 
it follows that for any gas. 

Dj? = (lb. per cu. ft.) 

Wherein: D = density. P = absolute pressure. T = abso- 
lute temperature . The units may be any convenient ones ; the 
subscripts i and 2 referring respectively to the initial and 
final conditions of a gas which undergoes a change of condition. 
Dp = density, in pounds per cubic foot. Pp = absolute 
pressure, in pounds per square foot. Tj. = absolute tempera- 
ture, in degrees Fahrenheit, fc = gas constant, as given in 
Table 251. 


Example. — The density of a certain gas is 0.2 lb. per cu. ft. when 
under 200 lb. per sq. in. abs. pressure. What will be the density of the 
same gas under 30 lb. per sq. in. abs. and at the same temperature? 
Solution. — By For. (159A), Da = DiPa/Py = 0.2 X 30 200 = 0.03 Ih. 

per cu. ft. 

Example. — If the density of air is 0.15 lb. per cu. ft. when under a 
certain pressure and at 40° F., what will be its density when under the 
same pressure but at 1,140° F.? Solution. — By For. (162), Da = 
D 1 T 1 /T 2 = 0.15 X (40 + 460) (1,140 + 460) = 0.15 X 500 1,600 = 

0.047 Ih. per cu. ft. 

Example. — A given weight of gas, when under 30-in. mercury column 
and at 60° F. has a density of 0.06 lb. per cu. ft. What will be its den- 
sity when under 10 in. mercury column and at 20° F.? Solution. — By 
For. (164), Z )2 = A>iTiP 2 /T 2 Pi = 0.06 X (60 +460) X 10 [(20 + 

460) X 30] = 0.06 X 520 X 10 ^ (480 X 30) = 0.021,7 Ih. per cu. ft. 

Example. — What is the density of oxygen at atmospheric pressure and 
32° F.? Solution. — From Table 251, ko (for oxygen) = 48.25. Hence 
by For. (165): Dp = Pf/7cgTp = (14.7 X 144) -f- (48.25 X 492) = 
0.089,2 lb. per cu. ft. 

255. Table Of Absolute And Relative Densities Of Various 
Gases. (Based on values in Marks' Mechanical Engineers' 
Handbook," p. 316). Carbon dioxide and ammonia, at the 
pressure and temperature given, are sufficiently superheated 
that they may reasonably be considered as gases. 
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Kind of gas 


Absokite density in lb. 
per cu. ft., at at.nos- Helative 
pherie pressure, or M.7 ■ .leusity aa 
11). per s<i. m. absolute <.oi.ipared 

to air 

CyV F. V. 


Air : 

Oxygen 

Nitrogen 

Hydrogen 

Carbon monoxide 

Carbon dioxide . . . 

Ammonia 

Acetylene 

Methane 

Ethylene 


0.07()1 ().08()7 1,000 
0.0840 0.0892 1.105 
0.0737 0.0783 0.070 
0 . 00529 0 . 00502 0 . 0()96 
0.0734 0.078 0.9G8 

0.1150 0.1227 1.520 
0.04483 0.0470 0.590 
0.0GS4 0.0725 0.899 
0.0421 0.0447 0.554 
0.0738 0.0780 0 909 


266. Air Drafts Are Caused By Differ- 
ences In The Density Of The Air.— - 
When a body of air 
is heated it expands; 
its density decreases. 
It thus b e c o in e s 
lighter per unit of 
volume. Therefore, 
it tends to ascend, 
due to its displace- 
ment by the cooler 
and heavier air. from 
above. Thus the less 
dense air is forced 
upward by the denser 
air above it just as a 
cork is forced upward in water by the 




GAvss Frarif' -' 

240.— Air-draft pro- 
duced by heat. 


denser water above it. Toy balloons (Fig, 239), also many 
balloons which are built for actual service, derive their 
buoyancy from the low-density hot air and combustion gases 
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with which they are inflated. The draft (see the author's 
Steam Boilers) which is produced by all chimneys, power- 
plant and others, likewise depends upon this principle. 

Example. — Two glass chimney-tubes, A and B (Fig. 240) are placed 
over apertures in a box, C, which has a glass side. A lighted candle is 
placed in the tube B. Thereby the air in tube B becomes heated and 



Fig. 241. — Barn ventilated by rising warm-air currents. (The air in the stall floor, 
F, becomes warmer than the outside air due to the heat given off by the animals. It is 
then displaced by colder outside air and forced up through ducts, D.) 

its density decreases. Therefore it rises, due to its displacement by the 
cooler denser air which decends through tube A, A draft is thus 
produced which forces the smoke downward from the smoldering fire at 
the top of A. The smoke can then be seen flowing down through chimney 
A into the box, C, and thence upward through chimney B. See also 
Fig. 241- 

Example. — ^Each of the chimiley-tubes, A and B (Fig. 240) is assumed 
to be 100 ft. high and of 1 sq. ft. cross-section. The temperature in tube 
A is 64° F., and in tube B 464° F. What pressure, in inches water 
column, tends to force the smoke up through tube B ? Solution. — ^B y 
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Table 255 the deimity of the air ivi tube A tindvr utmo^sphcric prvsmre at 
64° F. = 0.076,1 lb. per cu. JL^ the almiluto ivtn pt'niiiira in lube A == 
450 + 64 = 524° F. abs., and iu tube B 4(»() »i - 46 ! -- <J2T’ h\ abs. 
By For. {1Q2) iho density of the air in itihv B J)» - />iTi/T« =-: (0.076,1 X 
524) 924 == 0.043,215. percii.ft. The ?v>rvrm<,'n/n/r //i enchluhc — 100 X 

1 100cu./^. l^QiiQQ^thQ weight of tlie air tit tvh('. A ■ 100 X O.07(),l =:: 

7.61 lb., while the weight of the air in tube B ~ 100 X 0.0-13,2 = 4.32 Ih, 

Therefore, the boosting pressure in tube B ™ 7.(>1 4. M2 !>.20 }b. per 

For Cook Stove >Ari'(: ‘ ■ . ;,'vvj*kV/\> 



Fig. 242. — Illustrating chimney draft (the thi-oo-fluo ohiiniuiy provideH tlraft. for Ox* fur- 
nace and cook-stoYe and also, by naoans of voutilatorB, H aiitl /C, v('ntUat<‘H tlui rooms). 

sq. ft. = 3.29 -4- 144 == 0.022,8 Ih. per sq. in. By For. (0) th(\ v.quimlent 
height of water column = Pj = 27.684P — 27.(>84 X 0.022,8 -- 0,<.>34' in. 
water column. 

Example. — The chinmey of a dwcllhig (Fig. 242) (ixteiHlH 35 ft. above 
the furnace in the basement. The temperature of i.lu' oui,Hi<lc nir is 
32° F. The average temperature of the ganeH inHXile tlu’s chimney is 
450° F- What is the draft pressure produced there! >y, in imthoK of wat,er- 
column? Solution- — By Table 255 the density of air at 32^ - 0.080,7 lb. 
per cu. it By For. (162), the approximate density of the rombuslion 
gases in the chimney ~ JDjs — DiTj/T 2 « 0.0H07 X (460 + 32) (460 + 

450) = 0,043,6 Ih. per cu. ft. The pressure of the column of chimney gases 
(on line AB, coinciding with furnace grate) «= 35 X 0.043,6 «« 1.53 lb. per 
sq. ft The pressure, of an equivalent column of the external air «• 35 X 
0.080,7 = 2.87 lb. per sq. ft of base ared. Hence, the drafl’^pressure » 
2.82 - 1.53 = 1.29 Ih. per sq. ft ^ 1.29 144 » 0.008,96 lb. per sq. in. 

By For. (9), the equivalent height of water column »« Pi — 27.684P 
a== 27.684 X 0.008,96 — 0.248 in. water column. 
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267. The Heat Effects In Gases Axe Different From Those 
In Solids And Liquids. — As explained in Secs. 96 and 102, 
(Div. 4), the addition of heat to a solid body always produces 
an increase in its temperature (the heat does vibration work, 
Sec, 97, and does only an inappreciable amount of external 
work (Sec. 99) . If the solid is at its melting temperature, then 
the addition of heat does disgregation work (Sec. 98) and an 
almost inappreciable amount of external work. Likewise, 
the addition of heat to a liquid always increases its temperature 
(does vibration work) and does only an inappreciable amount 
of external work; if the liquid is at its boiling temperature, 
then the addition of heat does disgregation work and an 
appreciable amount of external work. But, the addition of 
heat to gas at any temperature may or may not increase its 
temperature, may or may not do external work, and, as will 
be shown, never does any disgregation work. Whether or not 
vibration or external work is done, depends on the rates at 
which the gas is heated and at which it is permitted to do 
external work. The gas temperature may even increase with- 
out the addition of any heat from without. These phenomena 
will be explained in following sections, 

258. Ho Disgregation Work Is Done When A Perfect Gas 
Is Heated Or Cooled. — The truth of this statement was first 
shown by Joule with the appar- 
atus shown in Fig. 243. Later 
experiments by Lord Kelvin (Sir 
William Thompson) revealed 
that Joule’s results were slightly 
in error. The experiment is now 
frequently referred to as the 

Joule-Thompson effect.” 

Explanation. — Joule placed two 
equal-sized containers (A and B, Fig. 

243) in a tank of water, TF, and 
provided a very sensitive thermome- 
ter, T, for measuring the tempera- 
ature of the water. The tank, W , was 
well insulated to prevent heat flow into or out of TF. He compressed 
air into A until the pressure was 22 atmospheres and exhausted all of the 
air from B, After the whole apparatus had reached the temperatures 


Heat 

.-Insulctfion 


• -Thermomofer 


1 






Fig. 243. — The apparatus which was 
used by Joule to prove that uo disgrega- 
tion work is done when a gas expands. 
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of the room, he opened the yalve, V, nx tlu^ pipe which (‘onnect-ed A and 
B and watched T to observe how the ((‘lupcniturt* would vary. He 
could observe no variation. 

Now, as exjdained in Sec. 9t>, the three ways in which iieat may be 
expended are as vibration work, disgregation work, and external work. 
This thought is expressed by For. (50) which is repeated here: 

(166) Q — Qy + Qd + Qk (B.t.u.) 

Wherein: Q = heat added to the substance. Qy lieat expended in 
doing vibration work. Qd ~ heat expended in doing disgrcigation work. 
Qu == heat expended in doing external %vork. All quantities being 
expressed in British thermal units. 

Now, in Joule’s experiment: (1) No heat was atlded to or abstracted 
from the air because the whole apparatus was insulat ed and was at room 
temperature. Hence Q = 0. (2) No change in temperataire was noted. 

Hence, no vibration work was done, and Qy ™ 0. (11) No external work 

was done by the air because there was no means of conveying it to or 
from the apparatus. Hence, Qe = 0. Therefore, by substituting the 
values obtained in Joule’s experiment into h'or. (UHl), aft,er transposing 
there results: Qn — Q — Qv — Qe = 0 — 0 0 =- 0. Hence, it was 

concluded that for air Qd — 0. 

The later experiments by Lord Kelvin showed t.luit, although the 
temperature remains nearly consiani in the abovc-deHcriljcd experiment, 
there is a slight variation. The variation is very slight, for the “perma- 
nent” gases (Sec. 348) at ordinary temperatures and it is assumed that for 
a perfect gas (Sec. 226) there would he no variation, d’he vtudation for 
actual gases grows larger, the lower the tcmiieraturc^ at winch the experi- 
ment is performed. The reason for this is that th(‘ gaH(*s become more 
and more like vapors, Div. 11, as their liquefaction temperatures are 
approached. 

259. Heat Transferred To (Or From) A Perfect Gas May 
Produce (Is Produced By) Either Or Both Of Two Effects— 
Vibration Work And External Work.—Since it is possible 
to increase the temperature of a gas by heating it, it is obvious 
that heat energy, when added to a gas, can do vibration work. 
Furthermore, since heating a gas often catises it to expand or 
increase in volume, it is also obvious that the added heat 
energy can cause the gas to move substances (moving M and W 
in Fig. 233 for example) which restrict its volume. That is, 
the added heat energy can cause the gas to do external work. 
In any case, the amounts of vibration work and external work 
that are produced depend on the rate at which expansion is 
permitted to proceed. 
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Example. Suppose, Fig. 244, that a certain weight of gas is confined 
in a cylinder which is fitted with a handled piston, thermometer, and 
pressure gage. At 70° F., and 30 lb. per sq. in. abs. the gas is found to 
occupy 1 cu. ft. (condition a. Fig. 244). The piston is now held in the 
position shown while heat is applied to the cylinder until the thermometer 
reads 600° F. The gage will now show a pressure of 60 lb. per sq. in. abs. 
(by Charles’ law, Sec. 237). But, since the gas did not force out the 




Direction Of Force 


Pressure 6cfg-e 
Re&cfs JO Lb. 
Per Sc^.Jn Abs. 


Ttiernnomefer 
Rectefs 600 “F 
•Sas burner 


(a)5tartin<3 Condition (b) In+ermedicn+e Condition ( ; 

I-Aoideol Heojt Doin^ Vibrottion Work H-Addeol Hecut Doing External Work 
Fig. 244. — Illustrating how the heat energy which is added to a gas may do either vibra- 
tion work or external work. 


piston, it did no external work. Hence, the heat added in passing from 
condition a to condition h was all used in raising the temperature of the 
gas — ^in doing vibration work. 

When condition h is reached, the heating is continued but, instead of 
holding the piston in one position, the operator now, partially restraining 
it, permits the piston to rise at such a rate that the thermometer con- 
tinually shows 600° F. After an interval, the volume of the gas will have 
increased to 6 cu. ft. and the pressure will have decreased to 10 lb. per 
sq. in. abs. (condition c, Fig. 244). In passing from condition 6 to 
condition c, the gas has done external work in forcing out the piston 
against the resistance of the operator’s hand but, since the temperature 
remained constant, no vibration work was done. Hence, in //, the heat 
energy was all used in doing external work. 

260. A Gas GeneraEy Does External Work When It 
Expands. — All gases exert pressure. If a gas is confined in a 
closed vessel, it exerts pressure on the walls of the vessel 
because the gas molecules, in their vibratory motion, strike 
the walls of the vessel (Sec. 50). Therefore, the walls of the 
vessel provide a resistance to the pressure of the gas. If the 
gas is permitted to expand, then the walls of the vessel or a 
part of them must have been moved. This motion of the walls 
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of the vessel constitutes an instance of motion against resis- 
tance (which is work, Sec. 20). But t.he pix^ssiire of tiie gas 
has aided in (or been the entire cause of) the mot ion of the walls 
of the vessel. Hence, the gas has, by reason of its pressure, 
done external work. 


.rVolume^ (Phtah Area) x L, 



Exi>lanation.*— Assunic that a certain weight of gaH in confmed 
between the end of acvliiuler /I, Fig. 2-fr>, ji.rul ti, piston, iU, whi<'li has been 
inserted through the open end of the cytin<ler. '‘Ilie gas a, certain 

pres.sure jigaiiiHi the. fa(‘.e the piston. 
Hiis pr(i.sHurt‘ tenuis to force the piston 
out of the cyiinder (in the direction 
of tiie arrow), if the ]>istx»n is per- 
luitt.ed to move to the position W,the 
gas must have; aided in the piston’s 
motion. ''Iliereftjre, the gas has done 
external work. 

Note. — -A TnHo'iTMNtj Or Fric- 
TioNAii hix MANSION IS oiic during 
wliicli no exiernai work is done by 
the ex])amling thiid. d’his occurs 
wheix a g{is(M>\iH atii)stjineo flows 
through a small opening from a region of high pressure to oiui of lower 
pressure, gaining velocity as it flows, which vtdoc.ity is t.Ium dc^stroyed. 
The substance is said to do work on itself as it incnaiscs its velocity — 
the work being stored in the substance in the form of kiiud.ic energy. 
But, when the kinetic energy disaxuxiars as the velocity again dc(ux}ases, 
the kinetic energy is reconverted into heat cuuu-gy. Instances of 
throttling expansion are: (1) Joule’s exi)criment» Sec, 258, (2) The 

pressxire drop which accompanies the flow of a gaseous fluid through a 
pipe or restricted opening. Throttlmg exj>!mHionH will not be further 
discussed in this division. See Sec. 387 for the throttling exi)ausion of 
vapors. 


TrLp 

H L-2 


Fia. 245. — Showing that an expanding 
gas does external work. 


261. Work May Be Represented Graphically By An Area. — 
As defined in Sec. 21, work is the product of force titnes didance. 
Since the area of any figure or diagram m the i)r<Kliict of a 
length times a height, it is possible to so draw a figure that its 
length shall represent a distance (or force) and that its height 
shall represent a force (or distance). Thou, its area must 
represent work (see explanation below). It will also be shown 
that work may be represented by a figure whose height repre- 
sents pressure and whose length represents volume. 

Explanation. — Assume that a constant force of 12 Ih. is required 
(Fig. 246) to move an object in a given direction and that the object is 
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moved 8 ft. from a starting point by this force. A rectangle OBCD, 
Fig. 247, is drawn, 12 units in height and 8 units in length. Its area 
(12 X 8 = 96 squares) then represents 96 units of work. Since each 


Scale Of Dls+ance 
0 5 10 IS 



Units 
10 


5 


I 

k- 


Orig^inaf 

Poi/f/on 

, tt 


I 

I .Object , 
A^riovec/ 8-0'* 


I 




5pnn0 3af/a/7ce 
Reetcfs^ J2 Lb. 



Fia. 240. — Object W moved 8 ft. by a 


constant force of 12 lb. 



Unite Of Distance (Length) 

Fig. 247, — A force-distance work 
diagram. The shaded areas rep- 
resent work. 


unit of height represents 1 lb. and each unit of length represents 1 ft., each 
unit of area represents 1 lb. X 1 ft. or 1 ft.-lb. Hence, the area OBCD 
represents 96 ft.-lb. of work. If, now, a constant force of 9 lb. is required 


(Fig. 248) to move the object from 
the S-ft. mark to a 15-ft. mark 
(measured from the same starting 
point as above), the force of 9 lb. 
will act through a distance of (15 

— 8) or 7 ft. Hence, for this 
second movement the work done 

— 9 X 7 = 63 ft.-lb. as represented 
by the area DEFG, Fig. 247. 

Assume, in a second case (Fig. 
249), that a constant force of 48 
lb. acts through a distance of 40 ft. 
A unit of height may be taken to 


Scale 0-f D\5.-Vance. Units 
» 5 10 ' \5 ZO ZS 


Object Move^ I 

7-C"*— 1— 1 

• i I ^ « 

K - - -7* C> - - H Sprung Bafanc& 
I Reacts 9 Lb--, 



Fig. 248. — Object W moved 7 ft. by a 
constant force of 9 lb. 


represent a force of 4 lb. Then the 48-lb. force will be represented by 12 
units (OJ5, Fig. 247). A unit of length on the diagram may be taken to 
represent 5 ft. Then, the 40-ft. distance will be represented, by 8 units 


Scale O-f Distance. Units 




Fig. 249. — Object M is moved 40 ft. by a 48-lb. force. 


(OD, Fig. 247). The work done by the force will then be represented' as 
in the first case by the area OBCD or 96 area work units. But now each 
area unit represents 4 lb. X 5 ft. = 20 ft.-lb. Hence, in this case, the area 
15 
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OBCD represents 96 X 20 — 1,920 Jt Ah. winch is the wtirk dene by the 
48-lb. force acting through a distance of 40 ft. 


Note.— The Area Undkh A Foin’K-ntsTANc’K ihiAini Also Repre- 
sents The Work Done When The IAhr'e hs Not ( hoNSTANT.— If, 
Rig. 250, in acting thimigh the first 4 ft., u force i!UTt*nK<‘s nniforiuly from 



Fig. 250 .— Force-distance “work" dia- (‘.reaH(‘s uniformly to 5 lb., th(\ average 
gram for a varying force. force will he f> lb. anti the Work done 

“ () X 6 or 36 ftAh,, ns rciprescnted 
by the area FBGH. Thus the area ABC KG 11 A repnssents the total 
work done by the varying force in acting through the; itiial distance of 
14 ft. That is, total work done = 20 + 26 3{> -- S2 ftAl>. 

262. The Area Under A Pressure -volume Graph Also 
Represents Work, as is c-KplairuMl Ixdow. T1 h‘. pressure- 


volume graph can readily be 
drawn for an expanding (or 
compressed) gas. Hence, the 
finding of the area under such 
a graph affords a convenient 
means for finding the work 
done by the gas during its 
expansion or on the gas during 
its compression. 

Explanation. — Assume that 
(Fig. 251) a cylinder is fitted with 
a tight-fitting piston between 
which and the end of the cylinder 
there is a volume, Fi, of 2 cu. ft. 
of a gas at a pressure of 5 lb. per 
sq. ft. abs. Assume that, by heat- 
ing, the gas is caused to expand at 
constant pressure to a volume, V%, 
of ’8 cu. ft. Plot, as shown by the 


hvfhllY'iK'''- 



Fig. 251.-— I'riWHuro-volinuo work dia- 
gram showing work tU>no by oxpanHion. 
(Absoltiio proHMuro in oyhndor ia assumed 
to remain coimtant.) Work done “ FoZ- 
ume X Pressure ■»(8--2)X5**6X 
5 « 30 /Ldb, 


lower diagram in Fig. 261, pressures along the vertical scale AB and 


volumes along the hori 2 :ontal scale AC. The line ab will represent the 
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expansion of the gas. Since each unit of volume represents 1 cu. ft., 
each division such as ac which represents 1 cu. ft., must also represent a 
certain distance through which the piston was moved. If the area of 
the piston in square feet is denoted by the symbol Ap, then uc will 
denote a distance of: 1 cw. ft Ai> sq, ft = l/Apft Also, since a 
pressure of 1 lb. per sq. ft. is represented by each vertical division on 
the graph, each division such as ea must also represent a certain force 
on the piston. This force is pressure X area = 1 X Ap lb. Hence, each 
square of the area, W, such as acde, must (see explanation under Sec. 261) 
represent (1/Ap) X (1 X Ap) == 1 ft. lb. Therefore, the work done by 
the expanding gas is represented by the area xaby or 5 X 6 — 30 ft’4b. 



Yolwmes in Cubic Feet 


Fig. 252. — Pressure- volume work diagram with falling pressure. (Work Done «=» 
Volume X Pressure = .(8-2)X5 = 6X5« ZO ft. -lb. 

Note. — ^The Area Under A Pressure-volume Graph Also Repre- 
sents Work When The Pressure Is Not Constant. — Thus, if the 
pressure behind the piston of Fig. 251 had varied as shown by the line 


Fig. 253. — Work diagram with rising and 
falling pressures. Since the areas under 
each of the lines ac, cd, de, etc. are each 1 
unit wide, the work done along each line (ac, 
cd, etc.) in foot-pounds is numerically equal 
to the average height shown. (The total 
work done may be computed thus: The 
average height of strip acZ2 =* (3 + 4) -i- 2 = 
3.5; of cd43 = 4; of dc54 = (4 + 5) 2 = 

4.5; of e/65 == 5; of fg7Q = (5 + 3) -J- 2 = 
4; and of abZ7 = 3. Hence, for this diagram, 
the average pressure ~ (3.5 ■+• 4 -j- 4.5 +5-1- 
4+3)-t-6=»4Z6. per sq. ft. The horizontal 
length of the diagram indicates: displacement 



indicated by the hatched area of the diagram, work done ■=> pressure X volume == 4 X 


6 •= 24/f.-Z6.) 


ab in Fig. 252, then the average pressure would have been 5 lb. per sq. 
ft. as indicated by the dashed line ai5i and the work done would be repre- 
sented by the shaded area of 30 ft.-lb. The finding of the work done for 
different variations of the pressure is shown in Figs. 253 and 254. Where 
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greater accuracy is required than can he obtained l>y xming vertical 
strips 1 cu. t. wide, the diagraiu may be ilivuled into strips each having 
a width, of only a fraction of 1 cu. ft. as in Idg. 255. for the greatest 

accuracy, a plani meter or area-moaBur- 
ing instrunuuit is ernploytHl (see the 
author’s Steam hngine I'rinciples 
ami Practice” and also Sec. 505), 


Fro. — Work <liar;ratu with con- 
tixmoimly %»ar.vii4'r pnwun*. munher of 

foot-pourulH r<*prt'Ht‘utfil hy vert ical .strip 
ia fotuul <‘xa<'tl.v as in h'ip;. 2n;i, As r(i|>re- 
araU'd by itu* hat<i!u'(i ar<‘a: Total work done 
=» Troatutrr. X Voluinr k • [(/I.O I- 5.3 }- 5.3 
h 5 + 4.4 a.ro 0] X (S - 2) 4.08 X 

G « 28. 1 /t.-lh. 

Note. — In Thermodynamic CoMi>uTATn>NS, VhxLu.MKs Are Atavays, 
Unless Otherwise Specified, Taki-jn In OuBrcj Pkkt And PuEs.stjmus 
In Pounds Per Square Foot. This is to insure that tiic work vahies 
which result from the computations will be in foot-pounds. Wliy this 
is true may be understood from a consideration of the following 
derivation. 

Fio, 255. — Another pressure-volume work 
diagram. The work diagram is divided into 
strips each 3-.^ ou. ft. wide, the average height 
of each strip being indicated. The work 
represented by each strip is therefore equal to 
Oi the average hoiglit of the strip) ft.-lb. 

The total work done, which is represented by 
the Imtchtod area, may be computed thus: 

Average pressure = (460 -f 520 -f- 635 + 610 
+ 460 + 375 + 320 -h 280) -s 8 « 431.25 lb. 
per sq. ft. Displacement volume =■ 4 cu. ft. 

Hence, total work done = Pressure X Volume 
■= 431.25 X 4 = 1,72^ ft.-lb. 

263. To Compute The Work Bone By The Expansion, Or 
In The Compression, Of A Gas Or Vapor When The Average 
Pressure And The Initial And Final Volumes Are Known, use 
the following formulas : 

By expansion : 

(167) (foot- pounds) 

By compression: 

(168. W = P(Fi-F 2 ) (fooH>ounds) 

Wherein: TF = work done by the gas or vapor in expanding or 
done on the gas or vapor in compressing it, in foot-pounds. 
P = average absolute pressure exerted by (or on) the gas 
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during its expansion (or contraction), in pounds per square 
foot ; this is the average of all of the pressures — not merely the 
mean of the initial and the final pressures. ^2 = final volume 
of the gas, in cubic feet. Fi ~ initial volume of the gas, in 
cubic feet. 

Examples. — See Figs. 215, 252, 253, 254 and 255 for examples which, 
illustrate the application of the above formula. Certain of these illus- 
trations also show how the average absolute pressure, P, is computed. 

Derivation. — When the piston (Fig. 245) stands at M, the volume of 
space between the piston and the cylinder head may be expressed by : — 

(169) Vi = ALi (cubic feet) 

Wherein: Fi = the volume, due to position M, in cubic feet. A = 
the area of the piston, in square feet. Li = the distance, due to position 
M, between the piston and the cylinder head, in feet. When the piston 
is moved to N, then the volume of space between the piston and the 
cylinder-head may, similarly, be expressed by: 

(170) V 2 = AL 2 (cubic feet) 

Wherein: V 2 = the volume, due to position N, in cubic feet. L2 = 
the distance due to position N, between the piston and the cylinder head, 
in feet. Now, the average force exerted in moving the piston from M 
to N may be expressed by: — 

(171) F = AP (pounds) 

Wherein: F = the average force, in pounds, exerted against the piston. 
P = the average pressure against the piston, in pounds per square foot. 
A = piston area, in square feet, as before. Now, the work which is 
done, due to the movement of the piston against an external force, may 
be expressed by: 

(172) W = P(I/2 - El) (foot-pounds) 

Wherein: W = the work done, in foot-pounds. (Z/2 — Pi) = the distance 
through which the piston moves, in feet. F = the average pushing force, 
in pounds, as above. Now substituting for F in For. (172), its equivalent 
AP from For. (171) there results: 

(173) W = AP(L 2 - Pi) = P(AP2 - APi) (foot-pounds) 

Now substituting in For. 173 for AL 2 and APi, their equivalents V 2 
and Vi from Fors. (170) and (169), there results: 

(174) W == PiVi - Vi) (foot-pounds) 

which is For. (167). By a similar process of reasoning For. (168) for com- 
pression may be derived. 

Note. — The Imaginary Graph Of Fig. 252 and certain others which 
immediately precede and follow, are included only to illustrate the gen- 
eral principle under discussion. The values obtained by the actual 
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expansion of gases and in heat engine practice arc always, as will be 
shown, such that that they will not plot into simple st.raigliL-line graphs. 

264 . The ^‘Effective Work^’ Bone By An Expanding Gas 
is eqnal to the total work minus the hack-pre,ssu;re work. 
The discussion of the preceding sections concerned only the 
total work as do most of the following sections. However, 

as is cxphiined below, wlien a 
! I P I I 1 I gas cxpaiuls behind a piston 

^ t t ;« other side of wliich is 

i ! subject to atmospheric or 

^ Itrl pressure, then only a 

1 i ; t; y t,?. -i - 50 portion of the work done by 

^ + i i piston, is 

!' i 'g effective in doing useful work. 


jDacr.- ?I .>■ .r- 

1l5x ;4ii <s-? 




i’i' ' N '■ 

rrp^^fi " T'. 

1 

I i St?' t ,1 , , 

\ -23 4 5 6 7 . 

Volumes In Cu. Ft. 



c KxrLANATtoN. — Bui)pose that 

the piston of Fig. 251 i« subjected 
at its right or opcm end to atinos- 
(X phcric pressTire and that the pres- 
ji sure of the expanding gas within 
y, tlie cylinder remains 5 lb. per sq. 
2 in. gage during the expansion. 
S Then, the work diagram for the 
^ expansion will bo as represented in 
Fig. 256. A tt>tal prt^ssurc RP 
duo to the cxi)an<ling gas is tend- 
ing to force the |)iHton to the right, 
but a i)rcssuro R(2 is ttuuling to 
force the piston to ilio left. The 
total shaded area (17,280 ft. lb.) 
tlicn roproHcnt-s the total work done 
by the expanding gas but the lower 
portion of the artua represents work 


Fig. 256.-PrGGSure-volume diagram for .fj j ovorcotl.ing 

gas expanding in atmosphere at 5 lb. per • . * , 

sq. in. gage constant pressure. tho rcsistaucc tiho atmosphere 

and only the upp(»r iiortlon of the 
area (4,320 ft. -lb.) represents the work available^ or ‘qrrfeetive’' for over- 
coming additional resistances. Hence, the lower area is called the 
hack-pressure work, whereas the upper area is calkul the vjfodtve work 
Their sum is called the total work. 


Note that, when the pressure is plotted in poimds per acpiaro inch, 
the work is found by multiplying the product of tho pressure and the 
volume change by ‘T44'^ which is the number of acpiare indies in 1 sq. 
ft. Each unit of height on the graph represents a pressure of 1 lb, per 
sq. im or 144 lb. per sq. ft. 



Sec. 265 ] 


HEAT PHENOMENA OF GASES 


231 


265. The Specific Heat Of A Gas May Have Any Value 
whatsoever depending on how much work the gas is permitted 
to do as it is heated. • See Sec. 88 for the definition of ‘'specific 
heat."' As was explained in Sec. 259, the heat which is added 
to a gas can be expended in either or both of two ways — ^in 
raising its temperature and in doing external work. Hence, 
the quantity of heat that must be added to each 1 lb. of a gas 
as its temperature is increased I'' F. (its specific heat) consists 
of two parts — (1) The vibration heat. (2) The external-work 
heat. The vibration heat is always the same for 1 lb. of a 
given gas heated through 1° F. but, as will be shown, the 
external-work heat will depend on the quantity of work that 
the gas is permitted to do while its temperature is being raised. 
Since the gas may expand in any number of ways or may be 
compressed while it is heated, it follows that, as above stated, 
the specific heat may have any value whatever. Certain 



v\ iff Beinsr 
ni AofM 

u 

Fig. 257. — Heating 
a gas which cannot 
expand and hence can 
do no external work. 


principal values of the specific heats of 
gases will be discussed in following 
sections. 



Fig. 258. — “Work diagram” for a constant- 
volume, pressure and temperature change — (10 cu. 
ft. of gas at 5 lb. per sq. ft. absolute and 200° F. 
absolute = 10 cu. ft. of gas at 20 lb. per sq. ft. 
absolute and 800° F. absolute, but no external work 
is done). 


266. The Specific Heat Of A Gas When Its Volnme Is 
Maintain ed Constant, Fig. 257, is a very useful value. It will 
be represented by C,r and referred to as specific heat at constant 
volume. By Charles’ law (Sec. 237) the pressure of a given 
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weight of gas, when heated in aconstant volume, varies directly 
as its absolute tctupcrai ure. Ihmet?, th(‘ pn'ii.surc-vol nine graph 
for a consiant-vohimc healing is a vindicad straight line FE, 
Fig. 258, under which there is no tiroa. I'his is as may be 
expected for, when a gas docs not ex[)n.iKl its volume docs not 
change and hence it does no work. Tlu'rt'fori' all of 1,he heat 
added to a gas at constant volume is vibration iu'atandis 
effective only in raising its {('mperalurc. 'Flu* spc'eihc heats 
of various gases at constant volume an^givem in 'rahl(>2r)l. 

267. The Specific Heat Of A Gas When Its Pressure Is 
Maintained Constant, Fig. 259, is aaothm* \'cry useful value. 



'di'j' 

Kxfinc.f .1^ ’Acflm 


A 1 c 0 h 0 ffl 

Alcohol 

Lof mp 

L Cf w p . 

\ 



Fig. 259. — Heating a gas at constant prossuro—gaH cxi»aiulH an it is iicattHl and does 
work in moving the piston ui)\vartl. 


It win be represented by Cp and will be r(5r(U'rc<l to as ftpociTw 
heat at constant pressure. More heat is zxaiuired to luuit a gas 
through 1° F. at constant pressure than at (ionstant volume 
because at constant pressure the gas expands, h'ig. 2.59, and 
does external work. Enough heat mast bo addtstl to increase 
the temperature and, besides this, the heat (!(|ui\';d('nl. of the 
external work must also be added. It is interesting to note that 
for a given gas, Cp is independent of the pressure under which 
the gas is heated (see example below). 
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Ex^ple ^ confined in a volume of 1 eu. ft , 

it will, by Tor. (140), be under a pressure of 26,250 lb. per sq. ft. abs. 






I -1 Cu F+ At TT 1 <5n^r> ''oA-'o/se rempeto/ture lOO^F--'' 

i i ^u. tr. At 5Z 1-1.203 Cu. Ft At 132 lir-5 Cu. Ft At 32* ]E-3.eCC Cu. Ft A.' 

fJlt' ‘‘“'T ‘he specific heat of a gas at constant pressure is aTonstant 

or all pressures. (1^ each case the weight value indicated is the total weight on the 
gas including weight of piston and atmospheric pressure.) 



(Fig. 260-7). As the air is heated at con- 
stant pressure to 132'=‘ F. its volume will 
increase to 1.203 cu. ft. (Fig. 260-77). 
Hence, the external work done by the gas = 
{-pressure) X {volume change) = 26,250 X 
0.203 = 532/7-Z5. Therefore, the 



Fig. 261. — When a gas 
expands and is heated sim- 
ultaneously at such rates 
that its temperature remains 
constant, its specific heat is 
infinite. See also Fig. 262. 


Fig, 262. When a gas is simultaneously 
cooled and compressed at such rates that 
its temperature remains constant during 
the process, its specific heat is infinite. 


- Cv (Ta ~ Ti) + (532/778) = 0.171 X 100 + 0.684 = 17.784 

If, however, the 1 lb, of air at 32° F. occupied a volume of 3 cu. ft., 
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its pressure would be 8,750 lb. per sq. ft. (Fig. 260-J/J). On being 
heated to 132^ F. it would expand to 3.(U)9 cu. ft. (I'lg. 260-/F) 
and the external work done == S,750 X 0.{>()9 — 532 as before. 

Hence 17.784 B.t.u. must have again been added in passing from III 
to IV, 

Note. — Other Values For The Sxmooifio Heat Op A Gas May 
Be Fottnu When The Pressure Ani> Whulme Op dbiB Gas Both 
Vary during a change. Thus, if the gas is pennitietl to do external work 
at the same rate as that at which heat is added i.o it, F’ig. 2()1 , then the 



Infhiv Or Ouf f Jo w Of Jicat 

Fia. 263. — Specific heat is zero when 
a gas is compressed without loss or gain 
of heat (adiabatic compression). 



Fig. 264.~-Whon a gas is heated 
and o.xpaiided siitiiiltaneouHly at 
such rates that the i<unperaturo is 
decreased, the sptjcifio heat is 
negative. 


temperature remains constant in spite of the addition of heat (sec example 
under Sec. 259). In such a case the specific heat is inhnit.o for, no matter 
how much heat is added, the temperature docs not rise. (See also Fig. 
262.) Furthermore, if a gas is compressed wliilc no heat is added or 
abstracted from it, Fig. 263, then its temperature will rise. Thus, no heat 
is required to effect the temperature rise and the spe(uiic heat is ;5ero. 
Furthermore, a gas may be heated and expanded at such rat-cs (Idg. 264) 
that its temperature actually decreases. In such a case more work is 
done than the equivalent of the heat energy added to tlie gas; the siiecific 
heat is negative because the temperature decreases in spite of a heat 
addition. So it is evident that the specific heat of a gas may have any 
value whatsoever. 

268. The Energy Relations During Condition Changes Of 
Perfect Gases will now be considered. These energy rela- 
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tions are important principally in the study of gas cycles (Biv. 
12) for, as will be shown, all gas cycles are made up of a number 
of condition changes. The condition changes which gases 
undergo in actual gas cycles are principally those during which 
the specific heat of the gas has a constant value. Although 
condition changes are frequently spoken of as ex'pansions and 
compressions, there is one form of condition change which is 
neither an expansion nor a compression — that is, the constant- 
volume change. Hence, the terms expansion and contraction 
should only be used for such condition changes during which 
the volume of the gas is actually changed. 

Note. — Condition Changes May Occur In Any Manner — ^in an 
infinite number of ways. The condition changes of which gas cycles are 
considered as being ideally composed (Div. 12) are, however, such as 
occur when some property of the gas, such as its volume, pressure, tem- 
perature, or specific heat remains constant, or when no heat is trans- 
ferred to or from the gas. As will be shown, in all of these cases the 
specific heat may be considered as having some constant value during 
the change — different for each change. Hence, broadly, the changes 
here discussed are all constant-specific-heat changes. Furthermore, 
during the changes here ti*eated all of the volume of the gas is to be con- 
sidered as being at the same pressure and temperature, as would occur 
when the gas is confined in a cylinder whose volume is varied by a mov- 
able piston. Changes which a gas undergoes when a ‘portion of it exists 
at a higher pressure or temperature than some other portion, do not follow 
the laws here given. Such changes would occur when a gas is partly 
confined in one vessel at a high pressure and the remainder is in another 
vessel at a lower pressure, the two vessels being connected by a small 
opening through which the gas is flowing. In such a case there is always 
more or less throttling (note under Sec. 260) or internal friction in the gas 
—the following discussion does not apply to such frictional processes. 
Changes which occur in heat-engine cylinders are always practically 
“frictionless;’' that is, they occur with practically no internal friction. 

Note. — The Algebraic Signs Of Energy Quantities For Gases 
Will Be Determined Thus: (1) Heat (Q) is considered positive when 
it is added to a gas; negative when it is abstracted from the gas. (2) 
External work (Ws) is considered positive when the gas expands; negative 
when the gas is compressed — ^when external work is done on the gas. 
(3) Vibration work (Wv) is considered positive when the temperature of 
the gas is raised; negative when the temperature of the gas is lowered. 

.269. The Energy Relations During A Condition Change At 
Constant Volume — An Isometric Change — are quite simple. 
By the definition of specific heat at constant volume (Sec. 266) 
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the heat exchange to or from the gas is the product of the 
weight, tcniperaturc change, and spe(‘ihc heat at constant 
volume of the gas— sec For. (175) Ixdow, Now, since during 
a constant-volume change no exteuMud work is done (Fig. 258), 
all of the heat added to or al>strac(.<Hl from ttu^ gas is effective 
in changing the temperature of the gas i.haX is, in doing 
vibration work. The formulas for these rehiiious aix^ : 

(175) Q ^WCy{T,^l\) (B.t.u.) 

(176) Wj3 == 0 ^ (t^xpu-ual work) 

By multiplying For. (175) by '^77S,'' which is the miniher of 
foot-pounds in 1 B.t.u., there resuli-s: 

(177) Wy - 778WC^.(7h - Ti) (foot-pounds) 

Wherein: Q = the heat added to thti gas, in Bi-itish thermal 
units. W = the weight of the gas, in pounds. Cpr = the 
specific heat of the gas at constant volunup- s(x^ "rable 251. 
T 2 and Ti = respectively, the final and init.ial bunpcu’atures 
of the gas in degrees Fahrenheit. IF;-; — the exienuil work 
done by the gas. TF7 = the vibration work done l)y tlie gas, 
in foot-pounds. See notes xxnder Sec. 2(>S eonemming the 
algebraic signs of the energy (iuaidiii(‘s a, ml also a,s to the 
manner in which the changes arc assunu'd t,o occuir. 

Note. — Practical Examples Of Isometuk? (hfANCios may be 
stated thus; (1) The heating or cooling of a given 'nHoglil if gas which u 
enclosed in a strong tank or receiver, (2) The heating {(\v plosion.) of a gaseous 
mixture in an internal-comhustion-cnginc (Oil.o-cycle, I>iv. 12) cylinder; 
this process actually differs slightly from a strict isouHd.ric. change because 
it is accompanied by a change in chemical composition of the gas -but it; 
is often, considered as an isometric condition ehangt's, t',xample below. 
The volume of the gases in the cylinder remaiTi.s prard ieally constant 
during the very short time interval occupied by the (rxplosion. 

Example. — Sujopose that an intornal-corubuHl-ion-imgine (wHodcr con- 
tains lb. of gas at 120° and that tliis gas ia ignited by an electric 
spark. What will be the final temperature if 05,8 B.t.u. are. liberated by 
the explosion and if Cv for the mixture ronmins ai>proxi mainly 0.175 
throughout the process? SoimTiON. — T^y transponifig For. (175), there 
results: - (Q/WCr) + Tt « [65.8 (0.2 X 0.175)] + 120 « 

2,000° F. 

Example. — ^If 1 lb. of a perfect gas is heated at constant volume 
through 1° E,, Pig, 265, and if the specific heat of the gas at constant 
volume is 0.30, what quantity of heat is added, and what amounts of 
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By For. (176), the external work — 


Ti) = 1 X 0.30 X 1 = 0.30 BAu, 
We == 0. By For. (177), the 
vibration work ~Wv 778WCv(!r2 
- Tx) = 778 X 0.30 = 233.4/^.46. 

Example. — How much heat is 
added to 8 lb. of oxygen contained 
in a strong tank in raising its tem- 
perature from 70° F. to 500° F. (the 
volume of gas kept constant during 
the heating) ? How much external 
work is done and how much work 
in raising the temperature (vibra- 
tion work) ? Solution. — From 
Table 251, Cy for oxygen is 0.15.5. 
Hence, by For. (175), the heat 
added = Q = WCv(T 2 - TO = 8 
X 0.155(500 - 70) = 533.2 Bd.u, 
By For. (176), the external work 
= We = 0. By For. (177), the 
vibration work = TFy = 778 WC y- 
(Ta - Ti) = 778 X 533.2 = 
414,829.6 /!{.46. 



relations? 


Whj it are the energy 


270. The Energy Relations During A Condition Change At 
Constant Pressure — An Isobaric Change — are given by the 
following formulas which are derived as shown below j 


(178) Q = WCp(T 2 - Tx) (B.t.u.) 

(179) We = P{V2 — T^i) (ft. -lb.) 

or 

(180) We = 778W(Ci> - Cy)(T2~Ti) (ft,4b.) 

(181) We = WhoiTi — Ti) (ft -lb.) 

(182) Wy = 778WCy(T2 - Ti) (ft.-lb.) 


Wherein: Q — the heat added. to the gas, in British thermal 
units. W = the weight of the gas, in pounds. T 2 and Ti 
= respectively, the final and initial temperatures of the gas, 
in degrees Fahrenheit. We — the external work done by the 
gas, in foot-pounds. P = the pressure exerted by the gas 
during the change, in pounds per square foot absolute. F 2 
and Vi = respectively, the final and initial volumes of 
the gas, in cubic feet. C^ and Cy = respectively, the specific 
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heats of the gas at constant pressure and at constant volume; 
for values see Table 251, /% == the gas constant (Sec. 247). 
Wv = the vibration work done on tlie gas, in foot-pounds. 
See the notes under See. 268 regarding the >ruki signs of 
the energy quantities and also as to the manner in which 
the changes are assumed to occur. 

Derivation. — By the definition of the specific h(3Ht at constant 
pressure (Sec. 267), the quantity of heat added to the ga,s is as shown by 
For. (178). Also, by Sec. 263, the work done during ji constant-pressure 
expansion is equal to the pi’cssure times the volume (diange— -as shown 
by For. (179). Now, the vibration work done on a gas de{)cnds only on 
its weight and temperature change. ITcnce, for a given weight of any 
gas, when heated through a given temperature rnngt'-, the vibration work 
will be the same regardless of how the pressure and volume vary. There- 
fore, the vibration work for all condition chamjes, is as given by For. (177) 
which is the same as For. (182). Since, for a perfect gas, the heat added 
is effective in doing only vibration and external work (Sec. 250), 

(183) 778Q = Wv H- Wj^ (ft.-lb.) 

or, transposing: 

(184) We = 77SQ - Wv (ft.-lb.) 

Now, substituting in For. (184) from Fors. (178) and (182), there results 

(185) We - 778WCp(r2 - Ti) - lISWCviT^ ~ Ti) (ft.-lb.) 
which simplifies to the form of For. (180). 

By the gefieral gas law, For. (145), PVi ™ WAv;Ti and 7^ Fa = 'WkoTz. 
Also, For. (179), when expanded becomes: 

(186) We - PFa - PVi (ft.-lb.) 

Now, substituting in For. (186), the values from b\>r. (145), there results, 

(187) We = WkoT^ ~ WkaTi (ft.-lb.) 

or, simplifying: 

(188) Wb - W7(;g(T 2 - Ti) (ft.-lb.) 

But, it is a fact that: 

(189) Ta - Ti = Pa - Ti (deg. fahr.) 

Hence, 

(190) We = WfcoCn - Ti) (ft.-lb.) 

which is the same as For. (181). 

Note. — ^Practioae Applications Of Ibobaric Changes are: (1) The 
heating or cooling of a gas which is under constant pressure such as atmos- 
pheric pressure and which is not wholly confined — as, for example, the gas 
in a balloon, the combustion gases in a boiler furnace, or the air which 
cools an automobile radiator. (2) The expansion in an oil engine while 
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the charge of oil is burned in the ^linder as the 'piston moves in the cylinder— 
this Gxp3.iision is only soniGtinies isobaric, it may be quite <ii£ferent^ 
this is not strictly a condition change because it is accompanied by a 
chemical change in the gases. 

Example.— —How much heat is added to each 100 lb. of air which passes 
through a boiler furnace as its temperature is increased from 70° F to 
500° F.? Solution.— By Table 251, for air, Cp = 0.241. Hence, by 
For. (178), the heat added = Q =. WCp(T 2 — T{) = 100 X 0 241 X 
(500 -- 70) == 10,350 B.t.u. ' 

Example.— How much heat must be added to 5 lb. of nitrogen to 
increase its volume from 45 cu. ft. to 100 cu. ft. at the constant pressure 
of 25 lb. per sq. in. abs.? How much external work is done by the 
expanding gas and how much (vibration) work is done in raising the 
temperature? Solution.— For nitrogen, the value of ha is, by Table 
251, 54.90. Also, Cp = 0.247 and Oy = 0.176. The initial temperature 
of the gas is, by For. (148), Tj = PV^/^Wko = (25 X 144) X 45 -4- 
(5 X 54.99) = 498 F, abs. or 38° F. The final temperature — T 2 = 
(25 X 144) X 100 -4- (5 X 54.99) = 1,309° F. abs. or 849° F. Hence, 
by For. (178), the heat added = WCp(T 2 - Ti) = 5 X 0.247(849 - 
38) = 1001.6 B.t.u. By For. (179), the external work = We = P{Vz — 
Fi) = (25 X 144) (100 — 45) == 198,000 ft.-lb. By For. (182), Wt- = 
778WCf(T2 - Ti) = 778 X 5 X 0.176(849 - 38) = 555,243 ft.-lb. 

Example. — If 3 lb. of oxygen is ex- 
panded at constant pressure by increas- 
ing the temperature from 85° F. to 100° 

F. (Figs. 266 and 267), find how much 
heat is added, how much external work 


Fro. 267. — Conditions after the 
expansion of 3 lb. of oxygen gas 
under constant pressure by heating 
from 85® F. to 100° F. 

is done, and how much (vibration) work is done in raising the temperar- 
ture. Solution. — From Table 251, the following values are found for 
oxygen: Cp = 0.217. Cf = 0.155. ko = 48.25. Hence, by For. (178), 
the heat added = Q = WCp(T 2 — Ti) = 3 X 0.217 X (100 - 85) « 
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Fig. 266. — Oxygen gas (3 lb. at 
85° F.) ready to be expanded under 
constant pressure. 
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9.765 B.tu, Also, by For. (181), tbo external work 
-- Ti) = 3 X 48.25 X (U)0 -85) 2,171.25 ftAh. And, by For. 

(182), the vihratkm work — IFf “ 778WCf(7'-4 — T i) — 778 X 3 X 
0.155 X (100 - 85) - 5,426.55 /;. 46. 

Example. — Asaunic that 10 on. ft. of a certaia gas at 32® F. exerts a 
pressure of 10 lb. per sq. ft. abs. (Idg. 268). (Compare the ext-cnaial work 

done hi o.xpaudiiig the gas a.t constant 
pres.sure to 15 cu. ft. whh tliat done 
by compres.sing the gas at constant 
jiressure to 5 cu. ft, Soliftion.— I n 
expanding t he gas, by ld>r. (179), the 
cxldmal work IF/,- /^(Fa — Vi) 

^ 10(15 - 10) ” 50 //.46. Ill com- 
pressing the gjis, th(’^ exlertoil work =■ 
Wi, - PiV^ - F,) 10(5 - 10)- 

—50 fiAln d'he lu^gative sign indi- 
cates that work is done on the gas. 
'‘riuis, iminerit'dlly t.lie same amount 
of work is done in the two cases— as 
is .shown by the otiual areas A and B 
in Fig. 2()8. 

271. The Energy Relations 
During A Condition Change At 
Constant Temperatur e — ^An 
Isothermal Change niMy be 
found by the following formulas wliich are (hudved as shown 
below. The pressure- volume relations for jm isothermal 
change are governed by Boyle^s law, For. (108). 


(191) 

=PxFi log;F 

(ft.-lb.) 

(192) 

= PjC, log,, 0 

(ft.-lb.) 

(193) 

= Wk^T log. p 
y 1 

(ft.-lb.) 

(194) 

0 

^ 778 

(B.t.u.) 

(195) 

Wr = 0 

(work) 

Wlierein : 

Q = the heat added to the gas, in 

British thermal 


units. Pi and P 2 = respectively, the initial and final pressures 
of the gas, in pounds per square foot absolute. Fi and Fg - 
respectively, the initial and final volumes of the gas, in cubic 



Fig. 268. — Work diagram who wing 
constant-pressure expansion and con- 
traction (10 cu. ft. of gas at 10 lb. per 
sq. ft. absolute, and 492® P. absolute => 
15 cu. ft, of gas at 10 lb. per sq. ft. 
absolute, and 738® F. absolute — 5 cu. 
ft. of gas at 10 lb. per sq. ft. absolute, 
and 246® F. absolute). 
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the gas, in pounds, hg == the gas 
T = the temperature of the gas, in 
absolute. We ~ the external work done 
Wy = the vibration work done on 


feet. W = the weight of 
constant (Sec. 247). 
degrees Fahrenheit 
by the gas, in foot-pounds, 
the gas. Logs = the natural 
logarithm of the number 
following the symbol. The 
natural logarithm of a number 
is approximately 2.303 times 
the common logarithm of the 
same number. See the notes 
under Sec. 268 regarding the 
algebraic signs of the energy 
quantities and also as to the 
manner in which the changes 
are assumed to occur. 



Derivation. — Since, during an _ ^ ^ ^ ^ 

. _ , , j 209. — Isothermal or constant-tempera- 

isothermal change, the temperature expansion graph. 

remains constant, none of the heat 

added is eifective in doing vibration work. This may also be shown by 
placing Ti = Ti in For. (177) which, as has been stated, applies to any 
condition change. This relation is stated by For. (195). Now, For. 
(166) states that, for any heat transfer : 


(196) Q = Qf + Qn + Qjb (B.t.u.) 

Hence, since for a perfect gas Qd = 0 (as proved under Sec. 258) and 
since for an isothermal change Qf = 0, For. (196) becomes: 


(197) 

and, since Qe — WEn7Si 

Q =Qe 

(B.t.u.) 

(198) 

^ TFs 

778 

(B.t.u.) 


which is the same as For. (194). 

Now, the pressure- volume graph of an isothermal change is a curved 
line (Fig. 269). For a change from Fi, Fi to F 2 , F 2 , the area under the 
graph (the shaded area in Fig. 269) is found by the calculus to be 
expressed by the formula: 

V 

(199) Area = PiVi log« ™ (area units) 

If, now, the pressures are expressed in pounds per square foot and the 
volumes in cubic feet, the area will represent the work done, in foot- 
pounds, as expressed by For. (191). 

For. (192) results from For. (191) by substituting for Y^/Vi its equiva- 
lent from For, (108). For. (193) results from For. (191) by substituting 
16 
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for FiVi its equivalent from For. (145). Tlieso suljstitutions may 
suggest to the reader still dilTeront ways of exi,>ressing For. ( 191 ). 

Note. — There Are No Practkjau Atrlications Of Isothermal 
Gas Changes.— The nearest approach to such a change wouhl probably 
occur in an air compressor. In this inaohiiie water, which is circulated 
through a jacket surroimiiing the cyliiuler, carrit^s away a large part of 
the heat which is developed by the work done on the air in compressing it. 
Isothermal changes are of value, however, because they constitute the 
ideal compression for air and other gas coitupressors and hence afford a 
goal in compressor design. 

Example. — If a certain gas exerts a pressure of 100 lb. per sq. ft. abs. 
when confined in a volume of 5 cu. ft. and is expanded isotliermally to a 
volume of 22 cu. ft., how much extcrual work is done and how much heat 
must have been added during the process? Solution. — Hy (191), 

the external work = We = PWi h)g<,(F2/Fj) — 100 X 5 X logc(22 -r 
5) = 500 X loge 4.4. From tables of logarithms, tlui connnon logarithm 
of 4.4 = log 4.4 = 0.643. Hence, log^ 4.4 2.303 X 0.643 ™ 1.479. 
Hence, We = 500 X 1.479 = 739.5 ftAh. By For. (194), the heat 
added -= Q We/77S = 739.5 778 = 0.95 B.t.u. 

Example. — How much external work is done when 6 lb. of hydrogen is 
compressed at the constant temperature of 7iP F. from a volume of 
144 cu. ft. to a final volume of 12 cu. ft.? How much hoa.t must be 
abstracted? Solution. — By Table 251, for hydrogen, ka = 705.9. By 
For. (193), the external work = We = W/ro loge(Fa/F0 === 6 X 765.9 X 
loge(12 144) = 4,595.4 X log«(l'{2)* From a table of logarithms the 
common logarithm of 1^2 = log (K2) = “ 1.079. Hence log« (3^12) = 
2.303 X (-1.079) - -2.482. Hence, We == 4,505.4 X (-2.482) = 

— 11,406 ftAh. Hence, 11,406 ft.db. of work must l>e done on the gas. 

By For. (194), the heat added == Q = WisPld, - -11,406 778 = 

— 14.66 15. Hence, 14.66 B.t.u. must bo ahstracted, 

272. The Energy Relations During A Condition Change 
Which Involves No Heat Transfer— A Frictionless Adiabatic 
Change (which is the same as an isontropic cliangc, Sec. 385), 
(Figs. 270 and 271) — may be found by tlie following formulas 
which are derived below. The pressure-volume relations for 
and adiabatic change (Sec. 275) are based on these energy 
relations. 


(200) 

Q = 0 

(heat) 

(201) 

Wb 

(ft.-lb.) 

(202) 

We = 778WCr(ri - Ti) 

(ft.-lb.) 

(203) 

Wv = -We 

(ft.-lb.) 

(204) 

Wv = 778WCr(T2 - Ti) 

(ft.-lb.) 
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Wherein: Q = the heat added during the change. Wm = the 
external work done by the gas, in foot-pounds. Pi and P 2 = 
respectively, the initial and final pressures exerted by the gas, 



surfaces. 


in pounds per square foot absolute. Fi and F 2 = respectively, 
the initial and final volumes of the gas, in cubic feet, k == the 
ratio (Cp/Cy) of the specific heats of the gas at constant pressure 
and constant volume; values of k are given in Table 251. Cy 
= the specific heat of the gas at constant volume; Table 251. 
Ti and P 2 = respectively, the initial and final temperatures 
of the gas, in degrees Fahrenheit. TFy = the vibration work 
done on the gas, in foot-pounds. See notes under Sec. 268 
concerning the algebraic signs of the energy quantities, and 
concerning frictional processes. 

Derivation.— -By the definition of an adiabatic process, there is no 
heat transfer between the gas and any external body. This statement 
is stated algebraically by For. (200). Also, For. (204) has been shown 
(Sec. 270) to hold for any condition change. Now, substituting in For. 
(196), the values Q = 0, and Qn — 0, there results: 

(205) = -Qy 


(B.Lu.) 
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Hence, it follows that: 

(206) We == -TFf (ft.-lb.) 

which is the same as For. (203). Substituting in For, (206) the value of 
Wv from For. (204), there results h'or. (202). 

By For. (145) transposed, 

(207) WT. = 
and 

IW-i 

(208) WT.= 

Now, For. (202) may be written tluis: 

(209) We - 778Cv(WTt -- WTa) 

Which becomes, by substituting from Fors. (207) and (20S): 

(210) Ws = (i\v r, V .,) 

Now, by comparing Fors. (180) and (181), it is evident tluit 

(211) ■ ho - 778 (C/> - Cv) 

Hence, 

( 212 ) ■ ^ 

ka Ci> - 

Or, by multiplying For. (212) by Cv 

Cr 
-Cv 


(ft.-lb.) 

(ft.-lb.) 


(213) 

778Cv _ 
ho 

Cp 

or, 



(214) 

778Cv _ 

ho 

Cp 



Cv' 


1 

- 1 


Cf . 


If the fraction “ is denoted by /c, then For. (214) becomes: 


(215) 


778 Cv 

ho 


k - 1 

Substituting this in For. (210), there rcstdts: 
(216) Wm 

which is the same as h'or. (201). 




(ft.-lb.) 


Note. — Occttbebncbs Of Adiabatic Changiqb Int IbiAOTiOB are, 
strictly speaking, never found. Quite close approaches to adiabatic 
processes are, however, found in: (1) Iniernal'-combuiitktii engines, (2) Air 
and other gas compressors; the compressions in those machines are gen- 
erally more nearly adiabatic than they are isothermal, Sec. 271. (8) 

Compressed-air engines. Adiabatic expansions are the ideal expansions 
(see Div. 12) for heat engines. 
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Example. — How much work is done by carbon-monoxide gas in 
expanding adiabatically from a pressure of 100 lb. per sq. in. abs. and a- 
volume of 5 cu. ft. to a pressure of 20 lb. per sq. in. abs. and a volume of 
15.6 cu. ft.? Solution-. — By Table 251, the value of ka for carbon 
monoxide is 1.41. Hence, by For. (201), the external work = — 

(PiVi ™ P2F2)/k - 1 = [(144 X 100 X 5) - (144 X 20 X 15.6)] 

(1.41 - 1) = (72,000 - 44,920) -5- 0.41 - 65,270 

Example. — How much work is done in compressing 7 lb. of acetylene 
adiabatically from 70° F. to 300° F.? Solution. —By Table 251, the 
value of Cf for acetylene is 0.270. Hence, by For. (202), the external 
work = TFg = 778 WCf(Ti - T 2 ) == 778 X 7 X 0.270 X (70 - 300) = 
—374,530 ft.-lb. Or, 374,530 ft.-lb. must be expended in compressing 
the gas. 

273. The Energy Relations, Accompan 3 dng A Condition 
Change During Which The Specific Heat Has Any Constant 
Value — A Polytropic Change — may be found by the following 
formulas which are derived below. The pressure-volume 
relations for a polytropic change (Sec. 275) are based on these 
relations. 


(217) 

Q = WC(T 2 “ Tx) 

(B.t.u.) 

(218) 

XT7 T lY X P 2 F 2 

n - 1 

(ft.-lb.) 

(219) 

We = 778W(C - Cf)(P; 

2~Tx) (ft.-lb.) 

(220) 

Where, 

TFf = 778WCf(P2-Ti) 

(ft.-lb.) 

(221) 

11 

0 0 

1 i 

(a constant) 

(222) 

0 

11 

1 1 

(specific heat) 

Wherein: Q 

= the heat added to the gas, 

in British thermal 

units. W = 

the weight of the gas, in 

pounds. C == the 


specific heat of the gas during the process. Tx and T 2 — 
respectively, the initial and final temperatures of the gas, in 
degrees Fahrenheit. Pi and P 2 = respectively, the initial 
and final pressures of the gas, in pounds per square foot abso- 
lute. Yx and F 2 = respectively, the initial and final volumes 
of the gas, in cubic feet. Wb ~ the external work done by the 
gas, in foot-pounds. TFf = the vibration work done on the 
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gas, in foot-poimds. n = a con.siant <lt4iu<Mi by For. (221). 
Cp and Cv = respectively the siKudfic heals of the gas at 
constant pressure and constant velnine* k - the ratio 
Cp/Cf. See notes under Sec. 2()8 coruun-ning th(‘ algebraic signs 
of the energy quantities and also as to tlu^ ma-nner in which 
the changes are assumed to occur. 

Berivatxon. — The specific heat (C) in, by delinitiun (Sec. 88), the 
number of British thermal units whicli must a<h!tHl {.o I lb. of a sub- 
stance in order to raise its temperature t.hrou|i:h 1“ Hence, to raise 

the temperature of W lb. of gas througii (Tt ■ TiT there must be 
added WCiTz — Ti) B.t.u. as expressed by For. (217). Also, hor, (220) 
expresses the quantity of vibration work (Joiu^ during any condition 
change. By Sec. 259, the added heat is always tdTtadive ^>uly in doing 
vibration work and external work. llen(a% 


(223) Wjs - 778Q - Wv (ft.db.) 

Or, substituting from Fors. (217) and (220) and simplifying, there results: 

(224) Wjs - 77S'W(C - Cf)( 7’., -- 7b) (ft.db.) 

which is the same as For. 219. This For, (221) nni^' also be written: 

(226) Wjs - 77SW(Cf - C)(7b TA (ft.-lb.) 

or, 

(226) We = 77S(Cf - C)(W7h --- {ft Ah.) 

But, substituting from Fors. (207) and (20K), 

(227) . TFb = - ^V'.r, - (ft.-lb.) 

Now, since k “ Cp -- Cf, For. 222 tuay bo written: 


(228) C= 

Or, subtracting .both sides from Cf, 

(229) Cv- C = 

7b — 1 

Also, by For. (211), 

(230) ka 778(Cp - Cf) 


Therefore, by substituting Fors. (229) and (230) into For. (227) there 
results : 

(231) Wb (ft.-lb.) 

which is the same as For. (218). 

Note.— OccTjRRBNCKs Op PonYTROPic Changes In Feacticb are many 
In practically all reciprocating machines, wherein gases are employed,, 
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the expansions and compressions of the gases are, for all practical 
purposes, polytropic. Actually, the specific heat probably varies some- 
what during all gas expansions and compressions but, because of the 
short time interval which is generally consumed in one of these processes, 
the variation in any case is quite small. 

Example. — If 1.5 lb. of hydrogen is compressed poly tropic ally from 
15 lb. per sq. in. abs. to 500 lb. per sq. in. abs. at which pressures its 
volumes are 200 cu. ft. and 10.76 cu. ft. respectively, how much heat is 
added, external work done, and vibration work? The value of n is 1.2. 
Solution. — For hydrogen, by Table 251, Cv = 2.44, = 765.9, and 

k = 1.40. By For. {222) , specific heat = C == [(7^ — k)/(n — 1)] X 
Cf = [(1.2 - 1.40) (1.2 - 1)] X 2.44 = (-0.20 0.2) X 2.44 = 

— 2.44. tience, by For. (218), the external work = Wb — {P\V\ — 
PA^^)J{n - 1) = [(15 X 144 X 200) - (500 X 144 X 10.76)] (1.2 - 

1) = (432,000 - 774,720) 0.2 = -1,713,600 JtAh. By For. (148), 

= PiVi/Wka = (144 X 15 X 200) ^ (1.5 X 765.9) = 376° F. abs. 
Also, T 2 = PFF^/^ko = (144 X 500 X 10.76) (1.5 X 765.9) = 764.3° 
F. abs. Flence, by For. (217), the heat added = WCCTs - Ti) = 1.5 X 
(-2.44) X (764.3 - 376) = -1,420.01 B.f.u. and, by For. (220), the 
vibration work = TFf = 778WCf(T2 - Ti) - 778 X 1.5 X 2.44 X 
(764.3 - 376) = 1,105,676 /L-Z6. 

Example. — If, in an air engine, 7 lb. of air expand in such a manner 
that n = 1.1 and the temperature is reduced from 100° F. to 40° F., how 
much heat is added or abstracted, how much external work is done, and 
how much (vibration) work in reducing the temperature? Solution. — 
From Table 251, for air, Cp = 0.241, Cf — 0.171, and k = 1.40, 
Hence, by For. (222), the specific heat — C = [{n — k)/(?i — 1)] Cf = 
[(1.1 - 1.40) (1.1 - 1)1 X 0.171 = -0.533. Therefore, by For, 

(217) the heat added = Q = - ^Ti) = 7 X (-0.533) X (40 - 

100) = 223.9 B.t.u. Hence, 223.9 B.t.u. must be added. By For. (219), 
the external work — We — 778W(C — Cv){Tt ~ Ti) = 778 X 7 X 
( — 0.533 — 0-171) X (40 — 100) = 230,000 ft.-lb. By For. (220), the 
vibration work = TFf = 778 WCf(T 2 - Ti) = 778 X 7 X 0.171 X (40 - 
100) == -55,900 ft. 4b. 

274. A Table Of Values Of The Polytropic Exponent n 
For Actual Machines is given below. — Since, by For. (221), n 
varies with the specific heat of the gas during a process, and 
since (Sec. 265) the specific heat may have any value whatso- 
ever, it follows that n may also have any value whatsoever. In 
actual machines, however, the values of n generally have some 
value intermediate between 1 and k — ^that is, the expansion or 
compression is intermediate between isothermal and adiabatic 
depending on the design and operation of the machine. The 
following values have been determined by experiment: 
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Type of maohino 

Value of ti 

i Authority 

1 

Air compressor— cooling by in- 

jection of water 

Air compressor— cooling by water 

jacket 

Hydraulic piston air compressors. 
Gas engines expansion, largo 

engines 

Gas engines expansion, small 

engines 

Gas engines expansion, occasion- 
ally as high as 

1.20-1.30 
seldom be- 
low 1 . 30 
1.23-1.28 

1.25 

1.38 

1 . 55 

Ennis—' Applied Thermodynamics" 

Ennis—*' Applied Thermodynamics" 
Ennis—" Applied Thermodynamics" 

Ennis — " AppIie<I Thermodynamics" 

Ennis Applie<l Thermodynamics" 

lOnnis — " Ai>plietl Tlnu-modynamics" 

Air compressors, water jacketed. 

■ 

1 , 25-1 . 35 

8h<*nly Ihtal, " 

Air engines 

1.3 -1.35 

Shealy- Heat" 

Air compressors, average value... 

1.3 

Marks — " Meohanieul Engineers’ It. B,” 

Gas engines, compression stroke.. 
Gas engines, 'expansion stroke 

1 . 25-1 . 35 

Marks — " Meehanicml Engimun-s’ H. B.” 

(generally) 

Gas engines, expansion stroke 

1.30-1.50 

Marks"--" Mechanical Engineers’ It. B." 

sometimes 

1.70 

klarks --" IvTechanical Engimutrs’ H. B.” 


275. The Pressure -volume -temperature Relations For A 
Perfect Gas During Adiabatic Or Polytropic Processes maybe 
found by the following formulas together with those of Sec. 
249. As the derivation of the following foriuxilas involves the 
calculus, the derivations will not be here given. See notes 
under Secs. 272 and 273 for occurrences of adiabatic and 
polytropic expansions in practice. The formulas are : 


(232) 

PF» = K 

(constant) 

(233) 


(234) 

1 


(235) 

11 



n - l 


(236) 



(237) 
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(238) 


(239) 

11 


Wherein: P and V = respectively, the absolute pressure and 
volume of the gas at any point along the path, in any units. 
A = a constant, n = the polytropic exponent which is 
defined by For. (221); for adiabatic processes n == k = Cp 
/Cy. Pi and Pa = respectively, the absolute pressure at a first 
and second instant during the condition change, in any units. 
Fi and Fa = respectively, the volumes of the gas at the same 
first and second instants during the condition change, in any 
units. Ti and Ta = respectively, the absolute temperatures 
of the gas at the same first and second instants during the 
condition change, in any units. 

Note. The Application Op The Above Formulas Generally 
Involves The Use Of Logarithms. — ^Although Fors. (234) to (239) can 
frequently be solved readily by using special slide-rules, the use of log- 
arithms is more common and will be used in the following examples. 
The problems should serve to explain the method of solving problems 
involving fractional exponents. 

Example. — Find the final pressure when air in an air engine is ex- 
panded adiabatically from a volume 1 cu. ft. at 115 lb. per sq. in. abs. to a 
final volume of 6 cu. ft. Solution. — From Table 251, k for air = 1.40. 
Hence, by For. (234), the final pressure = = PiiVi/Vf)^ == 115 x 

(1 ^ 6)1.40 = 115 X (0.166,7)1-40. To find the value of (0. 166,7) 
first find the logarithm of 0.166,7. From a table of logarithms, log 
0.166,7 = 9.221,9 — 10 = —0.778,1. Now multiply this value by the 
exponent, thus: 1.40 X -0.778,1 = - 1.089,3. Now, find the number 
of which this is the logarithm, thus: log~i — 1.089,3 = log"~i 8.910,7— 10 = 
6.081,42. Hence, (0.166, 7)i-4o = 0.081,42 and P2 = 115 X 0.081,42 = 
9-36 lb. per sq. in. abs. 

Example. — In a gas engine, what will be the volume at 15 lb. per sq. 
in. abs. of a given quantity of gas after polytropic expansion {n = 1.25) 
from a volume of 2 cu. ft. at a pressure of 135 lb. per sq. in. abs. ? Solu- 
tion.— B y For. (235), t'hQ final volume = F2 = Vt(Pi/Pf)l = 2 X (135-- 

1 

I5)*i2« = 2 X 90-8. Now, log9 = 0,954,2. And, 0.8 X 0.954,2 =0.763,36 
= log 6.072. Hence, F2 = 2 X 6.072 = 12.144 cu. ft. 
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ExampiiE.- — If the initial temperatnrn of t.lu^ gas of t-Ue priHualing example 
is 1,150° F., what will be its linal hntiporutam*? Solution.— -B y 

n ' \ 

For. ( 236 ), the jEnaUe/npcra^urc — Ta - TiiP»/P,) ^ : (.pK) -f 1,150) X 

(15 135) « 1,640 X >9. Now, log}.; 0.015,8 - 10 = 

-0.954,2. And, 0.2 X -0.954,2 - 0.19(VS1 ■ 0.S09,h) - 10 = W 
0.644,4. Hence, Ta « 1,640 X 0.644,4 *"■ l,0r)r>° F. ahn.^ or 506° F. 

276. Dalton’s Law Of Gases (see discussion of this same 
subject in Sec. 306) stat(\s that each firparate (jaHj in a tnixliire 
of gases j responds to changes of pressure, vtdunic, and Umipcmtun 
exactly as though it were cntircltj isolated^ from the other gases. 
Therefore, if all of the gases in a gas(H)ns mixture are such 
(which means not near their saturation teinixu-jiturc) that 
they obey, approximately, tlie laws of ixufi'ct gases (Bcaa 226), 
then the mixture, as a whole, will follow, aiiproximately, the 
laws of perfect gases. 

Note. — I f the pressure exerted by a gaseou.s inixt.nn*. lx* luon^ dermitcly 
analyzed, it will be found that each, of the const H u<‘nt gnscs tlunTiri has 
the same pressure that it would hav(5 if it oxisUmI iiIoikl Tluvrcforc, the 
pressure of the mixture is the sum of tlie i>r(\ssur(‘.s of it s c.onHt ituciiit gases, 
This principle, which is sometimes called thci taio af pariial premires^ is 
embodied in DaltorFs latjo. 
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Fxa. 272. — Illufltratintj law. 

Example, — -If (Fig. 272) 1 cu. ft. of oxygon and I < 3 U. ft. of nitrogen, 
at atmospheric pressure, were placed together in a vossed of 1 cu. ft. 
capacity, then the pressure of the mixture would, ainco atmoH'pheric pm- 
sure = 14,7 lb. per sq, in., be 14.7 X 2 *« 29,4 lb. p&r sq. in. 
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QUESTIONS ON DIVISION 8 


1. What is the practical importance of the heat phenomena of gases ? 

2. Define a gas. What is the distinction between a gas and a vapor? 

3. What is a 'perfect gas ? Has any perfect gas been found? Name some gases which 
behave nearly like a perfect gas. 

. 4. What is meant by the condition of a gas? By what is it determined? What is a 
condition change? 

5. What is meant by saying that a certain property of a gas is maintained constant, 
when working with the gas laws? 

6. State Boyle’s law. How was it discovered? For what kind of changes does it 
hold? 

7. To what kind of problems may Boyle’s law be applied? 

8. Write Boyle’s law as a formula expressing it in at least three different ways. 
What precautions must be taken with regard to the units? 

9. If a given weight of a certain gas undergoes condition changes at constant tempera- 
ture, what relation always holds between its pressure and volume? 

10. For constant-volume changes, how does the pressure of a gas at any temperature 
compare with its pressure at 32® F. ? State this as a formula. 

11. For constant-pressure changes, how does the volume at any temperature compare 
with its volume at 32° F.? Does it matter what the pressure is during such a change? 
State the relationship as a formula. 

12. According to the formulas for constant-volume and constant-pressure changes, 
what would be the pressure and volume of a perfect gas at —460° F. ? What is this 
temperature called? State the conversion formulas for temperatures. 

13. Give the verbal statement of Charles’ law. For what kind of condition changes 
does it hold? Interpret the law. 

14* To what kind of problems may Charles’ law be applied? Does a heat exchange 
always accompany such changes? 

16. Write Charles’ law as a formula and express the formula in three different ways. 
What precautions must be taken as to the units in these formulas. Show that these 
formulas are the same as those given in answer to Question 10. 

16. Give the verbal statement of Gay-Lussac’s law. For what kind of condition 
changes does it hold? Cite simple examples to interpret the law. 

17. To what kind of problems may Gay-Lussac’s law be applied? Does a heat 
exchange always accompany such changes? 

18. Write three expressions (as formulas) for Gay-Lussac’s law. State the precautions 
which must be observed with regard to the units in which the quantities are measured. 

19. Show how two of the three fundamental gas laws may be used to solve problems 
involving the simultaneous change of the volume, pressure, and temperature of a gas. 
For a given example how are the two laws selected? 

20. State the formulas for the combined gas law. Show their derivation. 

21. What is the constant relationship between the pressure, volume, and tempera- 
ture of a given weight of a perfect gas as the gas undergoes condition changes? Express 
it by a formula. 

22. In what units may the values of the gas properties (pressure, volume, and tempera- 
ture) be expressed when they are used with the values of the gas constant as tabulated 
in this division? How are the gas-constant values determined? 

23. Give a verbal statement of the general gas law. Why is it considered important? 
What is it based on? 

24. Write the general-gas-law formula and the formulas which result from it. Show 
the derivation of the formula. 

26. What two types of problems are, in general, solvable by the general gas law ? 

26. W^hat is the engineering definition of density? What unit is widely used for 
measuring densities? State the formulas which show the interrelations between volume, 
weight, and density. 

27. Is the density of gases a constant or variable quantity? Explain fully. 
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28. Write the equatitsna wbieh nhew Itatwoeu the ileujdty of a gas and 

other iJroperties of tho 

29. Explain folly how air drafta atay he eatiaefl hy iltlTerenera in dfiwlfy. 

30. W'herem do the heat eftoete on gma.-w differ from thorn* on wolitlw and liquids? 
Explain fully. 

31. How much dingre^ntion work in done, when a perfect gnn in Ueaft'd? How was 
this dotermined? Make a aketeh and explniu the esperiinent. 

32. What two effects may ho prodne(*d when heat in iuldtni to a gnn? Explain experi- 
ments, using sketches, to prove that th<*Hii tvco effiadK are prudtieetl, 

33. Explain fully how it is that a gas thn's extirrind work when it expands. Draw a 
sketch to show how a gas does external work. 

34. What is a thraUling expanmttnt hlxphun what happens in Mu<di an exinmaion. 

35. Explain fully, using sketches, how an area may Ite used to repreMent the work done 
by a constant force, A variable fori'C. Does eaeh nrra unit net'esisurily reprcstuit one 
force unit? Why? 

36. What is tho significanee of the area uiuh'r a prewnure-vtdume graph? Explain 
fully, using sketches. 

37. What is meant by effective imrkf Totnl ivork? What i« the djff.<rence between 
these two called? 

38. Is the specific heat of a gas a fairly w«dl <letitn*<i •junntity like that of a solid or 
liquid? Why? Explain. 

39. Explain tho significanee of tho specific* heat <tf a gas at couHtant volume. Draw 
a sketch to illustrate. 

40. Is the specific heat of a gas at constant presmire greater or Iciw than that at con- 
stant volume? Why? Docs its value d<‘p«*nd upon the pr<‘M«ure? How would you 
prove this? 

41. May a gas have othrsr specific heats than lluwe just refem*d to? When? 

42. Explain tho signifioance of an infinite Hp«‘cilic heat. A specilie Inuit of Kero, 
A negative specific heat. 

43. Of what importanoo are the energy relaiitms which accompany <'Ondition changes 
of gases? Why should condition cdiangcs not he spoken of as (‘Xpansiotja and 
compressions? 

44. How many different kinds of condition ehang<‘B are th<‘re for gases? Of what 
definite kind are gas cycles composed? 

45. Do the laws and formulas, of this division apply to expansions through orifi.<5eB 
or nozzles? Why? 

46. State the energy relations for a constant- volume change. How much external 
work* is done? What becomes of tho addo<l heat? 

47. Write the energy-relation formulas for a constant-prcMHure changt^. Why must 
more heat bo added for a given weiglit of gas and a given tomperaturo increase than for 
a constant-volume change? Doidvo the formulas. 

48. Write the energy relations for a conatmit-tonuicraturo c,hang«*. What is such a 
change called? How are those relations dorive<l? 

49. What name is given to a condition tdiange which involves no heat transfer? 
la any external work done during such a change? Draw a skoitdi to show* an ideal appa- 
ratus with which such a change might be effoetod. 

50. Write and derive the energy relations for an adiabatic change. 

51. What property of a gas remains constant during a poly tropic change? 

52. Write and derive the energy relations for a polyiropic change. 

53. State the pressure-volume relations for a pi^rfcct gas umh^rgoing a polyiropic 
change and explain the meanings of tho symbols in the formula. 

64. Explain the use of logarithms for solving equations involving fractional exponents. 


PROBLEMS OK DIVISION 8 

1. At 32® P. and atmospheric pressure (14.7 lb per sq. in. abi.) 1 lb, ©f air occupies 
12.89 ou. ft. At the same temperature what pressure will it exert when confined in 2 

on. ft. 7 
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2. Three cubic feet of air at atmospheric pressure are to be compressed at constant 
temperature to 100 lb. per sq. in. gage. What volume will the air then occupy? 

3. If a given weight of gas at 32® F. exerts a pressure of 60 lb. per sq. in. aba.» what 
pressure will it exert at 100® F. when in the same volume? Solve by For. (115). 

4. Using For. (117) and the data of Prob. 1, find the volume of 1 lb, of air at atmos- 
pheric pressure and 70® F. 

6. Using For. (121) and the data of Prob. 1 find the pressure exerted by 1 lb. of air 
when confined in 12.39 cu. ft. at 300 ® F. 

6. A tank holds a certain volume of gas at 70® F. and 60 lb. per sq. in. gage pressure. 
To what temperature must the gas be heated so that the pressure shall be 100 lb. per 
sq. in. gage? 

7. A given weight of gas at atmospheric pressure and 40® F. occupies 3 cu. ft. What 
volume wiU the same gas occupy at atmospheric pressure and 1,800® F.? 

8. At what temperature will 1 lb. of air at atmospheric pressure occupy 15 cu. ft.? 
(Use data of Prob. 1.) 

9. A certain gas occupies 10 cu. ft. when at 50® F. and under a pressure of 1 atmos- 
phere. By using two of the fundamental-law formulas, find the volume of the same gas 
at 80® F. and a pressure of 2.5 atmospheres. 

10. Find the pressure exerted by the gas by Prob. 9 when the volume is 8 cu. ft. and 
the temperature is 100° F. (Use two steps.) 

11. What temperature would the gas of Prob. 9 have when its volume is 5 cu. ft. and 
its pressure is 30 lb. per sq. in. abs.? (Solve in two steps.) 

12. Solve Prob. 9 in one step. 

13. A quantity of gas at 60® F. and atmospheric pressure has a volume of 7 cu. ft. 
What pressure will the same gas exert when at 200° F. and in a volume of 6 cu. ft. ? 
(Solve in one step.) 

14. At what temperature will the pressure and volume of the gas of Prob. 13 be 30 
lb. per sq. in abs. and 5 cu, ft. respectively? 

15. A receiver of 15-cu. ft. capacity contains 9 lb. of acetylene. At what tempera- 
ture will the pressure in the tank become 200 lb. per sq. in. gage? 

16. What must be the capacity of a receiver to hold 50 lb. of air at a pressure 
of 250 lb. per sq. in. gage and at a temperature of 210® F.? 

17. When 9 lb. of a certain gas occupy 5 cu. ft., the pressure and temperature are, 
respectively, 175 lb. per sq. in. gage and 290® F. Which is the value of the gas constant? 

18. A tank of 10-cu. ft. capacity contains air at atmospheric pressure and 70° F. 
Air is forced into this tank until the pressure rises to 200 lb. per sq. in. gage, and the 
temperature to 75° F. What weight of air has been forced into the tank? 

19. If 30.6 lb. of oxygen is confined in a 3-cu. ft. container, what is the density of the 
gas? 

20. If, under certain conditions, the density of air is 0.08 lb. per cu. ft., how much will 
88 cu. ft. of the air weigh? 

21. What is the density of nitrogen at 100 lb. per sq. in. gage and 80® F. ? 

22. From the result of Prob. 21 find the density of nitrogen at 80° F. and atmospheric 
pressure. 

23. From the result of Prob. 21 find the density of nitrogen at 1800 lb. per sq. in. 
gage and 200° F. 

24. How many foot-pounds are represented by the shaded area of Fig. 273? 

25. A tank held 40 cu. ft. of air at 200 lb. per sq. in. gage. This air is cooled in the 
tank to 70® F. and its pressure is now 150 lb. per sq. in. gage. How much heat has been 
extracted and how much vibration work is done on the air? 

26. If 6 lb. of air are heated at constant pressure from 60® F. to ISO® F., how much heat 
is added, and how much external and vibration work is done? 

27. A compressor delivers 100 cu. ft. of air per min. at a pressure of 100 lb. per sq. in. 
gage and at 130° F. If this air is cooled, at constant pressure, so that only 90 cu. ft. 
nre delivered at another point, how much heat is abstracted each minute? How much 
external and vibration work is done during the cooling? 

28. It is desired to compress 3 cu. ft. of air at atmospheric pressure to 100 lb, per sq. 
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ill, gage. How much liwit imwt hv wiUulruwii tu t tlm \Ulh<nst dnuigingth 

temperature ami wluTe tluea thm lanit mum* sioiu? 

29, Compute the work thum hy I Ih oi iiir in e\pnn*hug unt r;;, pWBii. in g^gg 
to 151b. per iq. iu gagi^ at a laumtant frinpfniturr ut b.tu" 



Fro. 273.'— Prcanurn'-vnlunm u<»i’k hinKiain. 


30. Burmg an ailiabaiio prcmenH tlie temperiiturr rtf 20 lb, nf ji ehnmt.M! from 1 
to 150® F. How much cxicnuil work wno donr ou tiw gmi? 

31. One pound of air expamlH adiabiMimlly from dmi |b, pj^r uq, in. nln. and 200“ P. 
to 15 lb. per SQ. in. abe. What arc ita initial volume, linn! volume, and final 
temperature? 

32. In Prob. 31, how much exUirual work in <Itme by the expanding air and how much 
vibration work? 

33. In an air comproBHOr, 10 cu ft of air at ItUF F. nml umler a prejjnure of 141b. 
per sQ. in. abs. are oomprcaaod adlaliatically. *^rh«’ iin.Hl prenoure in IH) Ih per wcj. in. 
abs. Compute tlio volume and temperature of thin air idler «a>mpre;»:'iion, 

34. If, during a polytropic proci'HH for whieli n ; « 1.2, the lem(*era(nre of 20 lb. of 
air changed from 80° to 150® F., how much eiiternal work war* done by i1h*kuh? How 
much heat had to bo added? 

36. During the comproesion of an ideal gaa 40,000 ft.-lh. <d work are cxjX'mhMl and 
8 B.t.u. are taken from the gas by conduetiou. How much vibration work w done on 
the gas? 

36. ^ During a compression following the law * a emmlant, the temperature of 

the air rises from 80® to 200® F. How much h(*at hnn hmm trniiMfern'd to tlie cylinder 
walls per pound of air? 

37. If 1 lb. of nitrogen expands polytropically (a 1.35) from 100 lln per pq. in. 
gage and 120° F. to atmospheric pressure, what will he the final volume and ttnnpcrat-uro? 

38. Compute the heat added, external work, ami vibration work in I’roh. 37. 

89,. If oxygon were expanded adiabatieally from luumtial eonditiim t>f 1,800 lb. per 
sq. in. abs., 2 cu. ft., and 90° F, until its temperature reached "“280” F., what would be 
Its final pressure and volume? 



DIVISION 


MELTING AND FREEZING OF SUBSTANCES 

277. Melting Or Fusion is the process by which a sub- 
stance is changed (Sec. 103) from the solid to the liquid state 
by added heat. 

Note. — The Tempeeature At Which A Suhstance Melts Or 
Fuses is called its temperature of fusion^ or simply its melting pointy 
see Table 285 for values. 

Note. — ^Bepore Proceeding The Reader Should Review carefully 
the material in Div. 4, starting with Sec. 96, which discusses the three 
ways in which heat which is added to a substance may be expended, and 
the three different kinds of work which heat added to or abstracted from 
a substance may do. 

278. Solidifying Or Freezing is the process by which a 
substance changes (Sec. 161) from the liquid to the solid state; 
freezing is always accompanied or occasioned by the abstrac- 
tion of heat from the substance. 

Note. — The Temperature At Which A Substance Solidifies or 
freezes is called its temperature of solidification ^ or simply its freezing 
point. The usual freezing point (temperature) for any substance is the 
same as the melting point (Sec. 277) of that substance. 

279. All Crystalline Substances Have Definite Tempera- 
tures Of Fusion And Solidification. — That is, every substance, 
as mercury^ ice, sulphur, silver, in which the molecules are 
grouped in the form of crystals of a definite uniform structure, 
has a certain fixed, characteristic temperature, corresponding 
to a given pressure, at which both melting and solidification 
occur. 

Note. — When A Crystalline Substance Under A Constant 
Pressure Undergoes Either Melting Or Solidifying, its tempera^ 
ture remains constant from the instant that melting or solidifying begins 
until the process is completed, as discussed more fully in following 
Sec. 289. 


255 



256 


HkAT 


iBw. 9 

280 * AE Nozi'-crystalliiu^ Or A^norphuus Substances Have 
Indefinite Tempcriiturt.'s Of Fusion And Solidification*— That 

is, every sul-.slanri-, uh iruay r#-a/n, tjiur, in whicli the mole- 
cules are Jirraiipal in an indeltuauiuate, irregular and non- 
iinifonu formation, havt^ lio defmitely liveii ^Muperapiro. at 
which both meltirig aud s(sli<Ufi{Ci! i<.ui tnamr. 

Note.— Non-obystalunk SraHr^xetia As.se.Mi; All DmatEKs Op 
Viscosity (Sec. 106) htOli ia laelfhig .nud iit If a glass rod 

IB heated in the fhime of a lilow-lureh, it will InMnaiu* soft, nad maybe 
easily bent. If the heating iw cront tnmnh (lie glaNs will h<‘foine more and 
more plastic. Finally, it will h<‘gin to ntoli. But if tlie. heat is still 
applied, after melting hegiun, the tom{u‘raturo of the gluas will coatimie 
to rise. That is, no point is reached, an hiLat is appheii, at which the 
temperature remains constant for an interval. 

281. The Melting And Solidifying Temperatures Of Dis- 
solved Or Alloyed Substances are, gtuuu-ally Inwr than the 
uudting aial sedidifying iom|K*ratures of 
idle simiih^ substanros winch compose 
the solutions or alloys. I'his principle 
is of gn‘at |>ra<*.f ical noportant-c imnany 
wtiys. It provid(‘S a. ready rm^tins (Fig. 
27d) for prodmnng ita^ aiiilicially. Also 
(Fig. 275) it-, by virtue^ of tin low melt- 
ing tcmptu'at ur(‘s of taadain allo 3 ^s, is the 
btisic principle of many (Ire ■(LKlingiiish- 
ingdevict‘H. I'v varying the pr(n>oriions 
(Fig. 276) of the nud-als used in an alloy, 
the melt-ing point of tlu'. aiioy can, 
within a certain rangey be made any 
dcsii'cd ternpcrat.urtu 

KxAMimK.-'-Whcn salt is di.ssolvcd in water 
(Fig- 274) the freerang iianjan’atnrc of the 
brine thus formed may bo many degrees lowtw t,lm.n th<‘- freezing tem- 
water,^ Hence, the pure watcT in the Ciin A (Fig. 274) 
will be frozen into a solid cake of ice, ps /#, wh<m ilu^ can is immersed in 
the low-temperature brine for a sumciont longt-h of time. 

certain alloy, called Darmfs ifetof, m composed of 2 
parts bismuth, 1 part lead and 1 part tin. I'ho melting temperature of 
this alloy is 203° F., which is (Tabic 286) many degrees lower than the 
mating temperature of either of the compon.mt metals. 

ExAMPnB.~An alloy of tin, lead, and bismuth has been used (Fig, 277) 
lor making the fusible elements of safety plugs for steam boilers. The 
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Fia. 2 7 4. — Illustrating 
use of salt brine in artificial 
ice-making. The salt brine 
can bo cooled far below 32® 
F. — the freezing point of 
water — before it begins to 
freeze. 
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alloy in the cap, F (Fig. 277), absorbs heat from the furnace gases. But 
normally the conduction of this heat to the water in the boiler proceeds 
at a sufficiently rapid rate to prevent the temperature of the alloy from 
reaching the melting point. 



Fig. 275. — Details of Grinnel sprinkler head for use in fire-protection systems. 



Fig. 276. — Curves showing variations of melting temperatures of alloys corresponding 
to variations in the proportions of the metal constituents of the alloys. 

However, if the water level falls low enough to expose the cap F 
directly to the steam in the boiler, then, the steam not being able to 
conduct away the heat as rapidly as the heat is absorbed by the cap, the 
temperature of F quickly rises to the melting point of the alloy. Then 
the cap F melts and is blown out. The blowing out of the plug liberates 
the steam in the boiler and prevents a possible explosion. 

17 
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282. The Use Of Metal Ailoys In The Libertdlng Devices 
Of SprinMer Or Fire Protection Sysic-iiiK (h'ijr, 275) permits 
the sprinklers to inijustcMl fur opi-i-ition (Fig, 278) at 


•-n.r.'i-.': A;h"./c&p’-: 




Fia. 277. — Funibk) safoty-pluK for 
boilorB. 


e.Ka<'tIy Fh* higlavst tempera- 
iun» t!iat eaii lu‘ allowed, with 
safaty, in th<‘ building which 
tlu^ apparai.UH is dt'signed to 
prcdtad,. 


,v,v . 



Flo. 27S. ‘(in'/uifl jiprinklcr- 
hra*l ill nctiou. 


Explanatiok.— T he key, // (Fig. 275), ih to tlu' uiniii .strut- 

piece, F, by an alloy, S, which fu.scH n.t the th^sirt'd ttunpt'rnturik If the 
normal temperature of the room in whic.h th(‘ sprinkler is ins(ali(‘d is 100” 
F. or less, the fusing tcinp(‘raturo of the solder, S, Is usually li\.<‘d at, 155° 
F. If the normal rooin-temperaiure is to b(‘ Ina-wt'en 100 “ and ,150'* F., 
then an alloy with a fusing tempera, turn of 212*^* I'\ may b<‘ tisisl. Should 
the air in the room become heated to the, fusing teiuperatnre. of the alloy, 
the soldered joint, S, will be melted out. 'rh<‘ key, //, ant! hook, G, 
will thus become disjointed. The gliuss Ynlv(‘, 7’, being ndt*a:'t‘d from the 
restraint of the strut-piece, Fj will tlum bt^ blown out. by tht^ pnwsure 
of the water beneath. The issuing wahn* (Fig. 27S) will bt^ broken into 
spray by the deflector, J, and will, prestunably, <?Kt.ingtiisU lht‘ lire. 

283. The Utility Of Fusion Pyrometers For Measuring 
High. Temperatures (Fig. 279) dcp(uulH uijon thc^ facility with 
which the melting temperatures of alloys or otun positions of 
substances can be adjusted to desired (h^greu^s of luuit iiitensity. 
Such pyrometers are commonly used for ticdcriruning the 
temperatures of pottery furnaces. They conBist of a gradu- 
ated series of two or more clay pyraanids, or Segcir corns* The 
pyramids are about 2.5 in. high. They arc (^omposiul of 
several different varieties of clay, which are mixed in such 
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proportions as to give a diferent melting point to each 
pyramid in the series. The difference between consecutive 
melting points is about 36"^ F. A range of temperature from 
about 600° to 3,400° F. may thus be covered. The cones are 



Fig. 279. — A fusion pyrometer — melting temperatures in degrees Fahrenheit are as 
follows: A = 2,000. B = 2,035. C = 2,070. D = 2.105. E = 2,140. 


stamped with numbers. A definite melting temperature 
corresponds to each number in the series. 

Explanation. — When a series of Seger cones, or clay pyramids, is 
placed in a furnace which is being fired up for service, the cone or pyra- 
mid which has the lowest melting point will be the first to lose its upright 
form. The temperature corresponding to the series-number on a cone or 
pyramid is reached when the tip of the cone or pyramid has bent over 
B (Fig. 279) so that it just touches the tile surface on which the cone or 
pyramid stands. 

Note. — Fusion Pyrometers Give Only Approximate Tempera- 
ture Measurements — ^but these are sulRciently accurate for the pur- 
poses for which the cones are properly employed. 

284. Temperature Pendants (Fig. 280), for giving approxi- 
mate indications of flue-gas temperatures in boiler plants, are 
made by adjusting the proportions of the alloy of which the 
pendants are cast to give a graded series 
of melting points. The utility of these 
devices as they are ordinarily furnished 
is limited to a range of temperature be- 
tween 425° and 550° F. There is a 75° 
difference between the fusing points of 
the three pendants. They are usually 
applied by suspending the three pen- 
dants in the path of the gases. 

Example. — Suppose the pendants A, B, C 
(Fig. 280) to be suspended in a boiler breeching. 

3f pendant A melts while the others remain intact, then the temperature 
lies between 426 and 600° F. If pendants A and B both melt while 


.-Iron Rc)of 



'^■T^mperofture Penofoints- 


Fra. 280. — Green’s tem- 
perature pendants — melt- 
ing temperature stamped 
on eaco pendant. 
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pendant C rernaiiiH intact, then t-ho Unnpeniiurt‘ lieH In^iweeti 500 and 

550" F. 

28§- Table Showing The Melting And Freezing Points 
(Temperatures) Of Various Substances tiru.h‘r atmospheric 
pressure. Values are from tlte followiiig authorities: 
S — Smithsonian Tables, hi — Makks* IMKcnANicAL 
Enginehhs' it andbook. 



Melting 



Meltiiig 



and 

Authoj 


aiui 

Author- 

Suhst.ui 

freezing 

point, 

ity 

SubJjtHiun^ 

fteey.ing 
in n Jit, 

ity 


d('g. 



<leg. 



Fahr. 



Fahr. 



Alcohol 

-M3 

S i 

r.4iad 

021 

S 

Aluminum 

1,218 

s 

MagncHiuin . 

1,204 

vS 

Antimony 

1,10(1 

s 

Mngm'Hiuin (dihuritlc 

1 . 30(1 

: 8 

Barium 

1 , r>02 

s 

Maguenium Huij)hut< 

302 

i s 

Bismuth. 

520 

s 

Menniry 

-••as 

: s 

Borax 

1,3 GO 

s 

Nickel 

2.04(1 

8 

Calcium 

1 , 490 

s 

i Oxygen 

- ' 300 

; s 

Calcium chloride... 

1 , 404 

s 

i Platinum 

3 .101 

t s 

Carbon ^ — above, . . 

6,300 

s 

Silver . 

1 ,701 

1 s 

Carbon dioxide L . . 

-70.(1 

s 

Sodium. 

208 

224 

I s 

Carbon disulpludo.. 

— IGO 


Sulphtir* 

235 

2'17 


Copper 

1,981 

s 

Tantalum 


s 

Glycerine 

4 

hr 

Tin 

449 

: M 

Gold 

1,945 

s 

Tuugat (ux 

1 , 1 52 

i 8 

Hydrogen 

-434 

s 

TurpentiiH‘ 

M 

: M 

Iodine 

236 

s 

Ice (water) 

32 

1 

Iron (pure) 

2,78(1 

s 

IZine 

787 

1 w 


1 Sublimes (Sec. 103). 

*Sulphui' occurs in tliree solid forms having tho values as sliown. 

286. Many Substances May Be Changed From The Solid 
To The Liquid State By Solution. — That is, by mixing them 
with other substances which arc already in the liquid state, 
as when salt or sugar is dissolved (Sec. 170) in water, or when 
shellac is dissolved in alcohol. In the dissolution of a solid 
substance by this process, energy is expended in causing the 
molecules of the solute, or solid substance, to separate from one 
another and Intermingle intimately with the molecules of the 
solvent, or liquid substance. When some solutes are dissolved, 
even their molecules (or some of them) are broken up into ions. 
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287. Tlie Heat In The Substances, Or In Surrounding 
Substances, Supplies This Energy. — portion of the vibration 
or sensible heat (Sec. 54) of the mixture is (by doing disgrega- 
tion work) transformed into potential energy due to the mutual 
rearrangement of the molecules. Therefore, in all mechanical 
solutions — ^that is, solutions which occur without violent chemi- 
cal reactions between the solute and the solvent — ^heat energy 
must be absorbed while the process of dissolution is proceeding. 
The production of freezing mixtures depends upon this principle. 
Such mixtures may be made by mixing certain solid substances, 
as sodium chloride (common salt) or calcium chloride, with 
snow or broken ice. 

Explanation. — If a quantity of snow or broken ice is placed in a vessel 
(Fig. 281) and is mixed therein with common salt, the snow or ice will 
melt quickly. The disgregation heat which the snow or ice must absorb 

(Sec. 98), in order that melting may occur, 
is given up by the surrounding objects. If 
ft. 32 DegMf:\.< more salt is present than can go into a 



Fig. 281.' — Illustrating applica- Fig. 282. — The freezing temperature of brine 
tion of freezing mixture. varies with the percentage of dissolved salt. 

saturated solution of salt and water, the temperature of the salt-ice 
mixture will tend to become that at which a saturated solution of salt 
freezes ( — 6° F.). The temperature will attain this value if heat does 
not reach the ice water faster than the ice can melt. If less salt is 
present than that which is necessary to produce the saturated solution, 
the temperature of the brine-ice mixture will be higher than — 6° F. 
In all cases, the temperature (Fig. 282) will depend mainly upon the 
quantity of the dissolved salt. The greater the proportion of salt to 
water in the brine, the lower the melting temperature of the ice in the 
brine. If a vessel (Fig, 281) containing a liquid that freezes at about 
the freezing point of water be submerged in the freezing mixture, the 
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liquid will be quickly frozen. Thin um the (ipernting principle of the 
ordinary household icc-crcain freezer. 

Note.— 'A Feeezino Mixtuke is one which may hc^ used to produce 
low temperatures. A mixture containing; about M parts of snow and 1 
part of common salt will produce a ttunpm’.ature fnnn -r^ to !>" below 

(F F. A mixtnrti (containing ll parts of 

-j-| calcium chloridt^ and 2 parts of snow 

IZ will produce a tenqHTatun* of 50” below 
SodjL/m^ Ch/pr/de ^ 1 h<' iiu.xing of (Up nil parts of 

\^Y^ornmo/7 nitrate*, of aimmvnia and wateu* may result 

,■ iu nalucing the (e*mp(‘raturc of the 
mixture through *15” Ib 

Note.— 'Wa'peh h’ou ICxTiNcnnsHiNQ 
--- Fiuer may, when k<5pt. in barrels which 
^ are (5xpos(*d to fr<H‘zing weather hanpera- 
2 _ tures, be k(*pt thud l)y dissolving (see 
Fig. 283) a <piant.ity of (aihdnm chloride 
' therein. Calcium e-hloride is pnifcirable, 
for this purpos{% to common salt. The 
corrosive action of <;ommon salt on 
Lb. Dissolved Per Gal.ot Water metals is consuleralde. Also, the salt 
tends to from tlui .solution, by 

c,;y«t,ani.o ontho 

chloride and sodium-chloride (com- OUtsule of the COntaUUHg VCSSOl, If 
mon salt) solutions, in water, of cahuum chloridt* is not obtainable, 
different concentrations. common Balt may be used. 


Lb. Dissolved Per Gal. Of Water 

Flo. 283. — Graphs showing 
freezing temperatures of calcium- 
chloride and sodium-chloride (com- 
mon salt) solutions, in water, of 
different concentrations. 


288, The Effect Of Pressure Upon The Melting And Freez- 
ing Temperature Of Substances will now be considered. If a 
body of water has imposed on it a pressure many times greater 
than the pressure of the atmosphere, it will contimie in the 
liquid state even though its tempei'aturo be reduced somewhat 
below its freezing point (Sec. 278) under ad.mospluu’ic pressure. 
But if a mass of lead is melted under atmospheric presvsure and 
is then subjected to a pressure greatly in excess of atmospheric, it 
will again become solid at a higher temperature than the 
temperature under which it was molted. These phenomena 
suggest the following principles: (1) The temperatures of melting 
and solidification of any substance which expands while solidi- 
fying and contacts whfie melting is lowered by apply ing pressure. 
(2) The temperature of melting and solidification of any sub* 
stance which contracts while solidifying and expands while melting 
is raised by applying pressure* 
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Example. — A small wire (Fig. 284) with weighted ends, WWy is slung 
over a rectangular block of ice. The temperature of the surrounding 
air remains constantly at 32° F. The pressure, due to the suspended 
weights, WW, which the wire exerts, upon the narrow area upon which it 
rests, reduces the freezing temperature 
of that area slightly below 32° F. 

Hence, the ice under and in immediate 
contact with the wire begins to melt. 

Presently, the wire will have cut into 
the ice-block to a considerable depth. 

But as the wire descends it will dis- 
place the water which results from the 
melting. The water will gather above 
the wire. Being relieved from the 
pressure of the wire, the water will 
again freeze to ice. The fissure which 
the wire forms as it descends is thus 
being constantly closed above the 
wire. Hence the wire becomes em- 
bedded in the ice-block as it cuts its 
way through. The process of melting 
under pressure and freezing again 
when the pressure is relieved is called 
Regelation. 

Note. — ^The Freezing Temperature Of A Body Op Water May Be" 
Lowered from 32° to about 31.9865° F. by adding 14.7 lb. per sq. in. 
(1 atmosphere) to the normal atmospheric pressure on its surface, and 
the freezing temperature will decrease approximately 0.013,5° F. for each 
additional atmosphere of pressure added. 

289. Latent Heat Of Melting Or Fusion will now be con- 
sidered. As defined and explained in Sec. 106: ‘‘Latent heat 
is the heat energy which is required to produce changes in the 
physical state (Sec. 49) of a substance.'" It has been found 
by thousands of experiments that, for each substance, a 
certain definite amount of heat is required to convert, into the 
liquid state, 1 lb. of the solid substance which is already at its 
melting temperature. Following Table 291 shows values. 
This amount of heat which is required to convert 1 lb. of a 
substance, which is in the solid, state and at its melting tem- 
perature into the liquid state, at the same temperature, is 
called the latent heat of melting for the substance. See also 
Sec. 103. 

Explanation. — If a quantity of cracked ice (Fig. 285) be melted over 
the flame of a spirit lamp, the mercury in the Fahrenheit thermometer 


Air in Chamber , 0r3ihcf! Position 



Wire Embec/oleof'-'' '''Supports 
in Ice ' 


Fig. 284. — Regelation — illustrating 
effect of presstire on the melting tem- 
perature of ice. 
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will stand at the 32° mark until the ice is entirely changed to water. 
But the instant the last vestage of the original mass of ice has disappeared, 
the mercury will begin to rise. Although the Iheriuometer indicates no 
rise of tetnperature wlule ilie melting is in prog- 
ress, the ice is, tievertludess, constantly 
absorbing heat from ihcj tiame. But this heat 
is wholly expended as disgregatioii wnrk^ — ^in 
ovei'coming the cohesion among the molecules 
of the ico crystals (Sec. 50) and in separating 
them. That is, the energy of this latent or 
unindicated heat is ustal tip in the wairk of 
disintegrating the compact molecular structure 
that exists in ice and in giving the inoleculeB 
that freedom under which they exist in water. 

Hence, the “la, tent” heat whitdi is not re- 
vealed by the tliermomef cr rcisiihxs within the 
water in the form of molecudar iiotmitial energy, 
or as the additional energy of position which 
the molecules possess by virtue of their in- 
creased distance from one another. This 
Fjo. 285.— lUustratme latent Phenomenon is, iiresumably, i»rcsent in the 
heat, melting of all substamuxs. 



290. Similarly, When A Substance Changes From The 
Liquid To The Solid State, The Latent Heat Energy Existing 
Within The Liquid Is Given Up to surroumling substances. 
Or, stating the same idea in a different way; As a substance 
is changed from the liquid to the soli < I state, the latent heat 
energy (disgregation heat) which resides within the liquid 
must, to effect the change, be abstractcjd from the liquid. 
Hence (Fig. 286) the temperature of any substance which 
has a determinate freexjing point (Sec. 278) cjontinues con- 
stant while the substance is changing from the liquid to the 
solid state. 

Example. — crucible containing molten zdno (Big. 2iS0) at a tempera- 
ture of 896 ° F, is permitted to cool. The licjuitl xinc bogiiia giving up its 
sensible, or vibration heat (Sec. 97 ). Therefore, tlie temperature falls 
gradually, AjS, until 787 ° F., which (Table 285) in tlie temperature of 
solidification, is reached. The temperature romaiuH at 787® (BC, Fig- 
286 ) until the zinc has completely solidified. During this BC interval 
the zinc is giving up its latent heat of meltiixg, or disgregation heat. 
When all of this heat has been abstracted, the solid zinc tluen again begins 
giving up its sensible or vibration heat. Hence, the gradual fall of 
temperature is resumed as shown at CD. 
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Note— It Is Probably True That The Melting Of Every Crys- 
talline Substance Requires The Expenditure Op A Certain 
Quantity Op Heat, depending upon the nature of the substance, to 
change the molecular arrangement 
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which exists in the solid state of 
the substance to that which exists 
in the liquid state. This, how- 
ever, cannot be asserted without 
qualification, since the melting 
temperatures of some substances 
are so extremely high that accurate 
observations of the phenomena 
involved cannot be made. 

Note. — The Early Investiga- 
tors Op PIeat Phenomena Gave 
The Name Latent Heat to the 
heat energy (disgregation heat) 
which is expanded in reconstruct- 
ing the molecular arrangements 

of melting substances. It was presumed that this energy simply soaked 
into a melting substance and remained concealed therein in a deadened 
or dormant condition. 


.fc: 

oe2i.5'‘44C:-- 
S-3cj . 

‘■7s5‘ 47C[- --. 
»77C 

2.7:2 £4xj ' :r- 
0/34^. 3S'| Y 


‘'Solio/ification Begins 'Here 
Fia. 2S6. — Graph showing temperature 
conditions during the cooling and solidifica- 
tion of a mass of molten zinc. 


Note. — Dr. Black, A Scotch Physicist, In 1760 Determined The 
Latent Heat Of Ice. — He placed two vessels, one containing 1 lb. of ice, 
and the other containing 1 lb. of water at 32° F., in a chamber in which 
the temperature was kept constant at about 47.3° F. The temperature 
of the 1 lb. of water rose to 39.2° in 0.5 hr. The melting of the 1 lb. of 
ice and the heating of the resulting water to 39.2° consumed 10.5 hr. 

The experimenter assumed that during each H kr. equal quantities of 
heat passed from the surrounding air into the 1 lb. of ice and the 1 lb. of 
water. That is, (so Black computed) the ice received 39,2 — 32 == 
7.2 BLu. per 0.5 hr. Hence, in 10.5 hr. the ice absorbed (10.6 ~ 0.5) X 
7.2 = 151.2 B.t.u. Only 7.2 B.t.u. were required to raise the temperature of 
the melted ice to the temperature of the chamber. Therefore, a quantity 
of heat — 151.2 — 7.2 == 144 B.t.u . — ^the latent heat of ice — ^was pre- 
sumed by Dr. Black to have been absorbed and stored in the water in a 
' ‘latent’' or dormant condition. 

Dr. Black’s method was not strictly accurate because, actually, heat 
transfer is, as explained in Div. 5 dependent not only on the time during 
which the heat flows but also on the average difference between the 
temperature of the cold body and that of the hot body — ^the thermal 
pressure. Now, the average thermal pressure forcing heat into the 1 lb. 
of water was, actually, slightly different from that which forced heat into 
the 1 lb. of ice. Hence, Dr. Black’s result was inaccurate, because he 
assumed that both of these thermal pressures were the same. A more 
accurate method of determining the latent heat of melting is the method 
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of mixtures (similar to tlmt of Soc. It remarkable liow nearly 

correct Dr. Black’s rcsiilt actually wan. 

Later and more consistent determinaiionH have shown that the latent 
heat of melting of ice is more accurately B.t.u. p<‘r Ib. However, 

the value of 144 B.t.u. per lb, is the one which is commonly used in 
engineering work. 

291. Table Showing Latent Heats Of Melting Or Fusion Of 
Different Substances.~The values shown liere Imve been 
computed from the Smithsonian Tables. 


Substance 


Latent heat of melt- 
ing, i!i B.t.u. per 
I)ound 


Aluminum. K > S . 2 

Bismuth 22.75 

Copper 75.0 

Iron, gray cast 41. 4 

Iron, white cast 59.4 

Iron slag . 90 . 0 

Iodine 21.08 

Ice 145.82 

Lead 9 . 05 

Mercury . . -?> • 08 

Nickel.... 8.35 

Platinum. 49 0 

Silver ..... 37.9 

Sulphur... 10.87 

Tin 25,2 

Zinc 50 . 53 


Note. — Strictly, The Latent Heat Oe Mwi/riNcs Oe A Substance 
Will Vary With The Pressure Which Ib Impoheu On The Substance 
While It Is Melting, if the substance expands or contracts due to the 
melting. This is because that if the substance changes volume in 
melting external-work heat will (unless the medting occurs in a vacuum) 
have to be supplied — ^in addition to the disgregation heat— to do the 
external work which is occasioned by any change of volume. However, 
as explained in Sec. 103, the amount of this external work is so small in 
practical cases that it may be safely neglected. 
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292. The Heat Required For Melting A Given Weight Of A 
Substance together with that required to warm the substance 
to its melting point, may be computed by the following 
formula : 

(240) Q = W[C{Tm -T)+ LJ (B.t.u.) 

Wherein: Q = heat, in British thermal units, required for warm- 
ing and melting the substance. W = weight of substance, in 
pounds. Tm = temperature, in degrees Fahrenheit, at which 
the substance melts. initial temperature, in degrees 

Fahrenheit. C = mean specific heat of the substance, between 
T and Tmi see Table 90. L^f = latent heat of melting, in- 
British thermal units per pound, see Table 291. 

Example. — A block of ice weighs 201.5 lb. ' Its temperature is 29° F. 
How much heat will be required to melt it? Solution. — By Table (90), 
the specific heal of ice == 0.504 B.t.u. per lb. By Table (291) the latent 
heat of melting of ice = 143.33 B.t.u. per lb. Hence, by For. (240), the 
required heat = Q = W[C(rM — T) + Lm] = 201.5 X {[0.504 X (32 - 
29)] + 143.33} = 29,186 B.t.u. 

Example. — A copper ingot weighs 55 lb. Its temperature is 80° F. 
How much heat will be required to melt it? Solution. — By Table (90) 
the specific heat of copper — 0.093 B.t.u. per lb. By Tables 291 and 285, 
the latent heat of melting and the melting temperature of copper are, 
respectively, 75.6 B.t.u. per lb. and 1981° F. Hence, the required heat — 
{[(1981 - 80) X 0.093] + 75.6} X 55 = 13,882 B.t.u. 

QUESTIONS ON DIVISION 9 


1. What chiefly distinguishes the molecular structure of a substance in the solid 
state from the molecular structure of the same substance in the liquid state? 

2. What is meant by temperature of fuaionf Temperature of soUdificationf 

3. What characteristic of substances apparently determines whether the melting 
temperature of a substance shall be constant or variable? 

4. The freezing temperature of a mixture of sugar and water is lower than the freezing 
point of pure water. Why is this? 

5. What are freezing mixtures? How may they be utilized practically ? 

6. What, in general, is the effect in the melting points of two or more different metals 
when an alloy is formed with the metals? In what respect is this principle of practical 
utility? Give an example. 

7. In what manner, other than by melting, can some solid substances be reduced to a 
liquid state? 

8. What is a solute? A solvent? 

9. In what ways do variations of pressure affect the melting and freezing tempera- 
tures of substances? 

10. What is meant by latent heat of fusion? 

11. What becomes of the latent heat in a liquid substance while the substance is 
solidifying? 

12. Describe and give valuee for Dr. Black's latent-heat experiment. 
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IS. Does th© latent lieat of fueioii perforin a etmstiint in'tion fimetion hi a liquid 
substance, that is does it do work“~-or does it exist in a state <}f tlormancy? lu an 
©vent, what is the function of latent heat of fusion? ^ 

14. Why did the early exjierimenters use the term ’’latent’' in defining the non- 
sensible heat that goes into melting Hubstunefs? 

15. What is a fusion pyromettr? 

16. Explain the \ise of Seger cones. 

17. What are temperature pendants? 


PHOBtEMS ON DIVISION 9 

1. How much heat is rctiuired to change 3(lt) lb. of iee at 22'’ F. to water at 32° F,? 

2. An ice-can (Fig, 274) contains 2r>S.a lb. of water at tlb” F. How much heat will 
pass from the water in the can to the brine in tlu; tank whihi the water is freezing to a 
solid block of ice at 32° F.? 

3. What is the approximate, freezing temperatur<' of a nuiHs of pun* water if the gage 
pressure on its surface is 110 lb. per sij. in.'f 

4. A ton of tin at a temperature of 80° F. is heat<*d and melted In a erucildts to 0U0°F, 
How much heat is absorbed by the tin? 
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293. Vaporization is the change in state (Sec. 49) of a sub- 
stance which occurs when the substance is transformed from 
the liquid state into the vapor form of the gaseous state. 
See Sec. 225 for the distinction between a vapor and a gas. 
Vaporization is a common phenomena and one of great 
practical importance. 

Examples. — In the steam power plant (Div. 15) it is vaporization 
that changes the boiler water into steam when the water is heated. In 
the refrigerating plant (Div. 18) it is the vaporization of the liquefied 
ammonia or other liquefied gas which indirectly produces the artificial 
ice and the low temperatures which are necessary in cold-storage houses. 
It is due almost wholly to vaporization that cooling towers and spray 
ponds (see the author’s Steam Powee Plant Axjxilliaeies and 
Accessories) cool the circulating water. In the home, it is vaporiza- 
tion which drys the family ‘‘wash.” 

Note. — Steam Is Merely Water Vapor or, as it is sometimes called, 
aqueous vapor. Hence, as will be explained in Div. 11, much valuable 
information concerning the properties of water vapor may be obtained 
from steam tables, an example of which is given in Table 394. 

294. There Are Two Kinds Of Vaporization : (1) Evapora- 
tion. (2) Ebullition. Evaporation (Fig. 155-7) is vaporization 
which occurs only at the free surface of a liquid. Evaporation 
takes place only below the boiling point of a liquid. Ehulli- 
tion (Fig. 155-77) or boiling is vaporization which takes place 
from within the body of a liquid^ the evolved vapor passing 
through the liquid to the surface. Each of these two forms 
of vaporization is discussed in succeeding sections. 

Note. — Sublimination (Fig. 155-/77) is sometimes considered as a 
form of evaporation. But in this book it is deemed best to treat it as a 
distinct phenomenon. It is discussed in Sec. 163. 

295. Evaporation is occurring about us continually. W ater — 
or any liquid — ^left in an open vessel gradually disappears. 
But some liquids evaporate more rapidly than others. Thus, 
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alcohol evaporates more rapidly tlian water; ether evaporates 
more rapidly than alcohol. In c^ae.h of c*ases the liquid 

which evaporates is transformed into a vap<,>r and passes 
away as such. 

Note.—A '‘Volatile” Bxtustanoe is uiu> whic.Ii wi!l (evaporate freely 
at a relatively low temperature. The t<‘rm “volntiU^,” however, is 
generally used only in comparing two or mort* snhHt,am‘t‘s, One Bub- 
stance is said to be more volatiU'. t.haii a. .second if, at a giv(‘n tempera- 
ture, the first substance tends to evai)orat,(* more frtady titan tht‘ second. 
Thus, alcohol is more vola-Ule than water anti h'ss volatile than ether. 
Of two substances, the more volatile will, for a givtm prt^ssure, liavcthe 
lower boiling point (Sec. 315) and will, for a givtm temperature, have 
the greater vapor pressure (Sec. 304). 

296. Evaporation Of Liquids Occurs At All Temperatures 
provided the space which is in contact witli t.h(^ licpud does not 
contain a saturated (See, 305) vajior of the liipiid. Many 
-examples of this fact are nuitt.mts of common observation. 

Example. — The moisture from wet clotlu*s which have been '‘hung 
out to dry” evaporates more rapidly in hot dry weather. 

Explanation. — The Theory Of EvAPou.vrroN is thi.s; Tlu' inohicules 
of all substances which are at tem})(Tatur(‘s abov(', 0 <I{‘g. absolute, that is 
which contain heat energy, aim (Sec. 4^')) in continuous motion. In the 
case of a liquid, the motion of the molce.ules is rapid and occurs tlirough- 
out the entire body of the liquid mass. Now, whih', t.h(‘.s(‘ rapid molecu- 
lar movements are occurring, cewtain Urpiid nudeeiiUss collide, continually 
with others which are similarly vil)ra.ting about rapidly. Dm^ to the 
impact of these collisions, some inolecule.s attain veloeit h's mmdi greater 
than the average velocity of the molecules in i.lu'; mass. If t he molecules 
which thus have acquired velocities gnaiUu' than the normal Imppen to 
be near the surface of the liquid, then tiny may b(‘ projiuvted (h'ig. 287) 

out into the H]>ae.<'! above i.he iKpiid. 
Thus they bc'conui gas or vapor 
molecuU^s. In tln^ aggn^gate they 
form a vapor in t-h<^ space above the 
liquid. During t-lu' process of evapo- 
Fxg. 287. — Illustrating evaporation or ration, into air, Ihc spa<‘.e above the 
surface-vaporization. liquid is occii|)iml by a mixture of 

air molecules ami vapior molecules. 
The vapor molecules occupy portions of the large (relatively) spaces 
between the air molecules. 

297. When The Liquid Is UnconJfined The Flying Off 01 
The High-velocity Molecules Continues until, ultimately, 
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all of the liquid molecules disappear. Then complete vapori- 
zation has occurred. The liquid has ‘‘evaporated.^’ 

Note. — When Heat Is Added To The LiquiD—when it is warmed — 
the velocity of its molecules is increased and its evaporation is thereby 
hastened. 

298. The Laws Of Evaporation are: (1) It increases with 

the temperature, (2) It increases with the extent of surface 
exposed by the liquid. (3) It is much greater into dry air than 
into air which contains vapor. That iSy it decreases as the 
saturation increases (Sec. 305). (4) It increases with the rate of 

removal of the vapor from the surface of the liquid as some vapor 
molecules near the liquid surface tend to return to the liquid 
body if the vapor is not removed. (5) The rate of evaporation 
is increased by diminishing the. pressure on the exposed liquid 
surface and vice versa. (6) The rate of evaporation depends on 
the nature and concentration of any substances which may be 
dissolved (Sec. 286) in the liquid. Formulas for computing the 
actual rate of evaporation of water under various conditions 
are given in the author’s Steam Power Plant Auxiliaries 
AND Accessories. 

299. Evaporation Increases With The Temperature Of The 
Liquid. — This follows since (Sec. 55) an increase in the tem- 
perature of the liquid is equivalent to an increase in the 
average velocity of molecular motion of the liquid molecules. 
When the temperature of a liquid is increased, the number of 
liquid molecules, which in a given time attain the high 
velocity which is necessary to project them into the space 
above the liquid, is increased correspondingly. Thereby the 
evaporation is increased. 

Examples. — Wet objects dry more rapidly when placed on a radiator 
or near a hot stove. Damp objects are dried quickly by passing a hot 
iron over them; a cold iron has no effect. A sprinkled street pavement 
on which the sun is shining will dry promptly while one in the shade will 
remain wet. 

300. Temperatures May Be Decreased By Evaporation 
(Fig. 288). When a certain weight of a liquid is vaporized, 
by evaporation or otherwise, then an amount of heat equal 
to the latent heat of vaporization of that weight of the liquid is 
abstracted from the liquid and air and objects which are adja- 
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cent to it (latent heat of va p-orization is discussed in following 
Sec. 322). Thereby the remaining liciuid and adjacent bodies 
are cooled. There are many [)!-aciical examples of this 
phenomenon. A few are given below. 

Explanation. — ^Evaporation is in reality an escape, from the surface 
of the liquid, of those liquid molecules wliich, have acquired the highest 
velocities-— which represent the Kreat.esl. hcuit eiuvrgy pen* molecule. 



Fio. 2SS. — Illustrating tho cooling c'lToct of ovnporation. 


Hence, the continual projection of these molcamh^H from the liquid results 
in a correspondingly continual decrease in th(^ avcu'agc^ v(*locity — tem- 
perature — of the molecules which nunain. itmqxaature of the 

remaining liquid will therefore decreases until no mon; laud, is lost from it 
by evaporation than it receives from surrounding obj(‘ctH. 


^prcfy Nozzlz^ /Dhirlhufln^ ^,\vroiit 

^^uefion Lime. ; / pr / V/V 

{^ (Oolct yYafe.r)/:;'(n\in!: Uh/t 


V Pwim. 



...p. 




Fio. 289. — Spray cooling pond. Tho ovai>orat.iou froi*» tho wprayn anti from the surface 
of the pond coola tho water. 


IExamples. — A small quantity of ether dropped on the hack of the 
hand will evaporate very quickly: Coiuciden tally, an intenBO cooling 
sensation will be felt where the ether touches the hand. If the ether 
is dropped on cotton (Mg. 288) which is wrapped around a thermometer 
bulb, the thermometer will indicate an imxmviiaie and prononmuul tem- 
perature decrease. The temperature of condenser circulating water, 
which is used over and over again, is reduced by evaporating a small 
portion of it in a cooling 'pond (Mg. 289), a cooling iomr (Fig. 290) or with 
spray nozzles (Mg. 291). Drinking water is kept cool in hot dry locaH- 



Sec. 300] 


VAPORIZATION 


273 


ties by placing it in a porous earthenware jar (Fig. 292) which is hung in a 
shady windy place; the water which seeps through to the surface of the 
porous jar is evaporated and thereby the remaining water in the jar is 
maintained cool. The evaporation from a specially constructed porous 
earthenware vessel (Fig. 293), which has been submerged in and satur- 



Fig. 290. 291. 

Fig. 290. — Cooling tower. (Warm water enters the distributing tray, T. and falls 
in fine streams over the lath checker-work. A current of air from the fan, F, along with 
some air drawn in by natural draft cools the falling water by evaporation.) 

Fig. 291. — Spray nozzle with part of side cut away. (The nozzles break the water 
into fine droplets, thus exposing a large surface for contact with the air thereby causing 
rapid evaporation.) 

ated with, water, maintains at a relatively low temperature the food con- 
tained therein. Solid carbon dioxide may be made by the cooling effect 
of liquid carbon dioxide evaporating in a bag (Fig. 294). 

Example. — Fbeezing Water By The Evaporation Of Ether may 
be effected with the apparatus shown in Fig. 295. The beaker is placed 
on a thin film of water on the wooden block. The block serves as a heat 
insulator. By blowing air through the ether with the bellows, the ether 
is evaporated rapidly. It absorbs the heat required for its evaporation 
from adjacent objects. Thereby the water film is transformed to ice. 
The beaker is 'Trozen'’ to the block with a layer of ice. In refrigeration 
plants, the evaporation of the liquid ammonia in the cooling coils (Fig. 
296) abstracts (indirectly, see Div. 18 on Beprigeration) heat from the 
water in the freezing cans. Thus the water in the cans is changed into 
ice. 
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Fia. 292. — Porous earthen, water jar or “olla" uh(hI for <'ooljnK water in hot dry 
olirnatoa. (Courtcuy Santa Fe Xiailroud.) 
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Fi«. 293. — Porous eartjien cooling vessel. I^otxl articleu are idact^tl iiwide. Entire 
vessel is then submerged in water for about 3 niiu. Water HOaka into porous walls. 
Subsequent evaporation of water from outside of walla produeea cooling effiofc. 
vPiG. 294. — Method of making solid oarbon dioacide. (Opening F permits liquid 
carbon dioxide to flow into cloth bag B. Its rapid vapori«iatloii therein, due to the 
reduced pressure, causes the forrxiation of carboxwUoxido snow in B,) 
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301o Condensation is tlie opposite of vaporization. It 
is the process by which a substance changes from the gaseous 
to the liquid or solid state. As explained hereinafter, conden- 



Fi<3. 295. — Water frozen by the rapid evaporation of ether. 

sation of a vapor may be due to either an abstraction of heat 
(cooling) when the pressure remains constant or to compres- 
sing the vapor when the temperature remains constant. 
Or it may be due to a combination of the two conditions. 


Elxpamhrt Ammon ta From Cond^rt^zr Fr&^zin^ 
■§,'» // frt Coils Przssurz R&cdvzr 

A V/ Jn Which I Q 'cy-y-r'^ iRzfum ,-W<xfzr 


na 

- In Which 
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Fig, 296. — Diagram of cooling coils and brine system used in making “can” ice. 
(Liquid ammonia, when released through V, vaporizes and abstracts heat equivalent to 
its latent heat of vaporization from the brine in CT. The brine is then circulated through 
the freezing tank FT. Thereby the water in the cans, C, is frozen. ) 


Examples. — In the condenser (Fig. 297) in a steam-power plant, the 
steam is condensed into water by abstracting heat from it with cold 
water. Economies, as explained in Div. 15 result from the condensing 
operation. In a compression refrigeration plant (see Div. 18), the 
compressed ammonia vapor is condensed into liquid ammonia in an 
ammonia condenser. 

302. All Substances Increase In Volume When Vaporized 
And Decrease In Volume When Condensed, — That is, their 
volumes increase (Fig. 298) when they are transformed from 
the liquid to the gaseous state and decrease when they are 
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transformed from the gaseous to th(^ litiuid st,at:e. All sub- 
stances (Table 303) undergo very great (‘tianges of volume 



wliiU* vaporizing or liquefying at 
mod(U‘at<‘ pi‘essiir(rs. 

Kx AMI'I.KS. ( hi<‘ fl) (Ml. ft. of water 
at 212' i‘\, will (‘xpaiul into about 
qiiU 1 (Ml. ii, <jf .sitMun at utmoHphcric 
pr(,‘s.sur<‘; s(*4‘ also Mg. ‘JUS. Also, 9.47 
(Ml, ft. (if rarlMHiiit acid gaH ((jarbon 
nr < '< at M2 ' P., in a mano- 
lui'tiM* gas lauk^ will cniitract into 1 
(Ml. f(.. ef liijuitl c.Mrlxuac acnd when 
cond<Mis(Ml a stcc! (Irum. 



Fill. 2 t».s. 


Fid. 297. — Seotional view of Wheeler l>armu(Mri(^ <’j<*<!tor eoudeiuHa*. 

Fio. 298. — Showing rolativo volumes of the fiame w<nght <»f idi'am and water. (At 
212° F. and 14.7 lb. per 8q. in. iireseure, 0.000,007 eu. ft. or I. Of. eu, in. --of water will 
make 1 ou. ft., or 1,728 ou. in. of etciam.) 


303. Table Showing Specific Volumes Of Various Substances 
In The Liquid and Gaseous States. (Mu.rks' Mfuhanical 
Engineeks’ Handbook.) 


Material 


Water 

Ammonia 

Carbon dioxide. 
Sulphur dioxide 


S|><'cili<T vulume cu 
ft prr lb 


Xioiling 
prcwHurii, 
Ih. pov Hq. 
in. aha. 

14.7 

14.7 

503.6 

14.7 


Uoiliug 

((MHplT- 

nturu, 
tleg. Fahr 

212 

- 27.2 

32 

13,7 


I. 

Liquid 

0.0107 

0.0237 

0,01750 

0.0U30 


j i MU) 

I 20.70 
18,02 
0. 1600 
5.38 


Katio *» 
(/ ■!■■ L 


1004 

760 

^A1 

477 
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304. Vapor Pressure Or Vapor Tension (Fig 299) is 
the pressure exerted by a body of vapor. It may be conven- 
iently measured in pounds per square inch, inches mercury 
column, or in any other pressure unit (Sec. 7). The molecules 
comprising the vapor of a vaporized liquid act (Sec. 50) 
precisely as do those of a permanent 
gas. They produce a pressure by 
bombardment of the walls of any 
enclosing vessel. 

Example. — ;The most important ex- 
ample of vapor pressure is the pressure 
exerted by steam (Fig. 299) which is 
aqueous or water vapor. 


Fig, 299. — Vapor pressure exerted by water Fig. 300- — Illustrating the principle 
vapor (steam) on confining walls. of vapor pressure. 

Example. — Tube A in Fig. 300 in reality constitutes a barometer as 
explained in Sec, 10, The height of mercury column, f/i, is the height 
which is supported by the atmospheric pressure. If now a drop of ether 
be introduced into the tube with a curved pipette, as shown at B, the 
mercury column will immediately be forced down to the height Hz- 
The difference, D, in the heights of the two mercury columns will be the 
vapor pressure, expressed in inches mercury column, which is exerted by 
the ether vapor. The bombardment of the ether-vapor molecules 
creates the pressure which forces the mercury column down. The 
pressure of saturated ether vapor at room temperature may be as great 
as 16-in. mercury column. 

Note. — Vapob Pressube Is Exerted Wherever There Is A 
Vapor. — While the effects of vapor pressure are most apparent when 
the vapor is confined in a closed vessel such as a steam boiler or a closed- 
end tube like that of Fig. 300, an unconfined vapor exerts a pressure, 
just as does any gas, on the objects in and around it. Thus, water 
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vapor in the air exerts a part of the o)>served pressure on the earth’s 
surface-land and water — and on all objects in the locality where the 
vapor exists. 

Examplis. — Suppose the atmospheric pre?iHure as shown by a barom- 
eter is 14.51b. per sq. in. and that the jiir is mi.Kcd with saturated water 
vapor at 80° F. The vaj^or pressure <lue to acjiutous vapor at 80° F. is (by 
a steam table) about 0.5 lb. per sq. in. Hence, the prcissure due to the 
oxygen, nitrogen, and other relatively non-condensable constituents of the 
air is 14.5 ~ 0.5 == 14.0 Ih. per sq. in. That is, a cubic foot of the air 
will contain only as much of the uon-condensable gus<‘s as if it were free 
of water vapor and at a pressure of bl lb, per s(|. in. When the quantity 
of a gas which is over water is being ineasnrtul, Hus cfTect must be 
considered. 

305. A Saturated Vapor is any vapor which cannot have 
heat abstracted from it or be (‘.omprtssstMi at, constant tempera- 
ture without partially coiukuising:. That is, a vapor is 
saturated when its molcculc^s arc^ so densely paxdeed in the given 
space that additional molecules arising from the licpiid would 
tend to reduce the molecular arrang(uuent. to that which exists 
in the liquid state of the substance. See also Sec. 354 for 
another definition of saturated vapor. 

Note. — When A Vapor Is Saturated, The Phesbure Exerted 
By The Vapor presses, as it were, down on the liquid and, in effect, 
prevents further liquid molecules from entering the space where the vapor 

exists. Ther(i is an eciuilibrium be- 
tween the pressure exerted by the 
vapor and the pressure exerted by the 
liquid. A vapor which is confined in 
a closed vessel may and will become 
saturated (Fig. 301--//) provided that 
a j)ortion of the licpiid remains in the 
vessel. But a vapor which is uncon- 
fined (Fig. 301-7), which is free in 
the c)|)en air, cannot bec^oine saturated 
because the vapor molecules diffuse 
and seep away thro\igh the air (note 
under Sec. 304) and are wafted away 

Fm. 301. — Showing how oonfinmg Currents, 

vapor prevents further evaporation. EXPLANATION. “--“Th© water in the 

closed cylinder (Fig. 302) is assumed 
to be in process of vaporization at a certain temperature, T. Due to the 
violence of their vibratory motion, the liquid molecules at the surface 
are (Sec. 296) incessantly darting into the space between the water and 
the piston. Thus they become vapor molecules. But, while darting 
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hither and thither in the enclosed space, some of these vapor molecules 
strike the surface of the water. These molecules thereby resume their 
original status as water molecules. 

For a time, a greater number of molecules will be leaving the water to 
become vapor molecules than will be returning thereto to again become 
liquid molecules. The disparity be- 
tween the number of departing and 
the number of returning molecules 
will, however, gradually diminish. 

Finally, the number of molecules 
arising from the water as vapor will 
equal the number returning thereto 
as liquid. 

Hence, if the piston is still main- 
tained in its original position, the total 
number of vapor molecules in the 
space between the piston and the water 
will thenceforth continue constant. 

When this condition of equilibrium is 
attained, the vapor is saturated. 

Note. — The Wokd “Saturation” 

Is Commonly Used To Indicate 
The Condition Of The Aqueous 
Vapor In The Air In Any Space 
Into Which Water Has Vaporized. — In such cases the air is incorrectly 
said to be saturated with the vapor. (Instead it should be said to be 
mixed with saturated vapor.) This “saturated-with-the- vapor” idea is 
the popular, though scientifically inaccurate, interpretation of the term. 
It results from an erroneous theory, which formerly prevailed, that air 
preserves the vaporized condition of a substance by holding, like a sponge 
holds water, the vapor molecules suspended in the pores or spaces 
between its own (the air’s) molecules. The following terms are (Psy- 
chrombtric Tables, W. B. No. 235; U, S. Department Of Agriculture) 
iiwjorrect: “The air is partly saturated with moisture.” “Weight of 
aqueous vapor in a cubic foot of saturated air.” The following is cor- 
rect: “Weight of a cubic foot of saturated aqueous vapor.” That is, 
the air is not “saturated;” it is the vapor which is saturated. 

Example. — Steam in a boiler which is under pressure, assuming of 
course that there is water in the boiler in contact with the steam, is a 
good example of saturated aqueous vapor. In fact, such is called sat- 
urated steam. 


8y fh& Vapor Molecules 

iG. 302. — Illustrating principle 
of vapor-saturation. 


306. Dalton’s Laws For Vapors, discussions of which follow, 
are; (1) The pressure of a saturated vapor depends only on its 
temperature, (2) The total pressure of a mixture of gases 
or vapors which have no chemical action on each other, is equal to 



280 


PEA an a A h he a t 


[Oiv. 10 


the sum of the pressures whieh each uumld vrai rrperatehj if n 
were alone in the space occupied hp the mLcture, These laws 
are stated a little diiterently by various auMiorities but the 
differences are of minor ixuporl-aiuji^ the. laws, a-s stated here 
are believed to enumerate tlu’t governing fact s. 

Note,— The Second Of The Ahovk Laws Is (^ALiU'a.) 'M)Ai,/roN’sLAw 
Of Partial Pressures.'’ — The law dot's not hold h>r vapors of liquids 
which, dissolve in one another eithtn* partially or in all proportions 
(Gregory and Hadley, hlANUAL Of M ecu a Nans And .Heat, p. 237). 
See discussion of tins la.w as applit'tl U> ga.st‘s in Sec. 270. 

Example Op Exception. — (hisolint^ is a mixt ure or solution of many 
liquids having different boiling points (Sec. 215). d'hc vapor pressure of 
each of these liquids is sufficient so that if tin* (‘.omhined vapor pressure 
were the sum of the indiviiluul vai)or pn‘ssun‘s, a pnwsure of mtich more 
than atmospheric pressure wouhl bo developed and the h(|uid would boil 
at ordinary temperatures. Similarly it woultl be impossilile to condense 
the gasoline vapor as it is condensed in its purification by distillation. 
The combined vapor pressure of the ga.soline c.onsiitmmt.s is more nearly 
an average than a sum of their individual vapor pnsssuu's. 

307, The Pressure Of A Saturated Vapor Depends Only On 
Its Temperature. — If enougli ctlnu' is introdutaul into tube B 
of Pig. 300, so that it docs not all vapori'/c at. at.mospheric 
temperature, then D will rnciasuro the pressunN in iiuslies of 
mercury column, of the saturated, etheu* vn,por a t that tempera- 
ture. If, then, the saturated vapor in U lx* warnuHl by passing 
a bunsen-burner flame across it, more of tlu^ (ttn'r will be 
vaporized and the vapor will tlnui exert a gnuittu’ pnsssure and 
force the mercury still further down. Cooling vapor has 
the opposite effect. By nu\‘usuring the pn^ssurt's exerted by 
the vapor at different t<‘.iuvM'r;itH!Ts, it can be shown that the 
pressure (Sec, 308) of a saturated vapor is (hd.tU’miruHl only by 
its temperature. The pressure is indepcuuhmt of it.s volume 
if the temperature remains as shown a,l>ovc, the vapor deter- 
mines its own volume for any given t(Hup(‘ral ur(^ 

Example. — By referring to a saturatetbHieam table (Sec. 394) it will 
be noted that for each pressure there is a dofinitiO temperatxiro and vice 
versa. A saturated-steam table is ixiorely a sat.urafcod-watex’-vapor table. 
* Explanation. — For each temperaHire of a gas or vapor, there is 
(Sec. 55) a certain speed of vibration of its molecules. Since the vibra- 
tion speed of the molecules determines the iJrossure which the gas exerts 
it follows that the pressure is determined by the terrqierature. If the 
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temperature of the vessel which contains the vapor is raised, the mole- 
cules are projected more frequently from the liquid. Hence^ more vapor 
molecules must then accumulate above the liquid to insure equilibrium 
between the vapor and its liquid. Thereby the number of molecules in 
the vapor space is increased. Furthermore, their velocities are increased 
by the temperature increase. Hence the pressure exerted by the vapor 
is increased correspondingly. 

308. The Saturation Pressure Of A Vapor is defined as the 
pressure which, at a given temperature, the vapor exerts when 
completely saturated. The saturation pressure is the maxi- 
mum pressure which a vapor can exert at any given tempera- 
ture. Saturated-steam tables (Sec. 394) give the saturation 
pressure for water vapor or steam. 

309. Condensation Occurs When Heat Is Abstracted 
From A Saturated Vapor Or When Vapor Is Compressed 
Without Changing Its Temperature. — Examination of any 
saturated-vapor table (Div. 11) will disclose that the density 
(weight of a cubic foot) of saturated vapor increases with its 
temperature. Now, if heat is abstracted from a saturated 
vapor, the vapor will be cooled and will contract — as all sub- 
stances do when their temperature is decreased. Or, if the 
saturated vapor is compressed, its temperature remaining con- 
stant, it will then also occupy a smaller volume. Hence, 
abstracting heat from or compressing a saturated vapor causes 
a given weight of the vapor to occupy less volume — that is, 
increases the density of the vapor. But, by the vapor tables, 
the density of the vapor cannot have a value greater than given 
in the table for the given temperature. Therefore, a portion of 
the vapor must condense and occupy only that smaller volume 
which it requires when in the liquid state. If the vapor has 
been compressed without changing its temperature, then the 
resulting mixture of liquid and vapor will still exert the same 
vapor pressure as before compressing the vapor; but the vapor 
will now occupy a smaller volume, than before. If the vapor 
has suffered an abstraction of heat, it may exert a smaller 
pressure and exist at a lower temperature than before heat was 
abstracted from it. 

Note. — Heat Is Abstbacted Feom Wateb Vafob In A Steaae Con- 
DENSEB. — Steam may, after being used by an engine or turbine, be 
admitted to the condenser which is maintained at a low tempera- 
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tiire by circulating cuiti water thnnigli it.. 't*hc cxiuniist nteam is thus 
cooled to a relatively low* teiuperaf ure at whif‘h if (a-iu exert only a small 
pressure and has a smaller tleiisity. d’ht‘ gnsater piuiiiHi of the exhaust 

steam from the engine or t.urbimi is t.lu*n‘by emaltoiseil - only a small 

weight of the original va|H>r nauainitig as vaptn* in llu‘ t'oinhuiser. How 
economies may result through the. ^vp<n':dinu of a eotideusia* in connection 
with an engine or turbine is explaiiuHl in See. dbi. 

Explanation.— “I magine a clo.s<‘ti v<^sst‘l whieh etmtains a. litjuid and 
its vapor at a certain teinperaturi*. 'The vapor is sal lira teal hccanse it 
is in contact with the li<iuid anti inohumUss art* passing from the liquid 
into the vapor at the sa,mc raf.t^ as mohamh's art! passing frtnn the vapor 
into the liquid (as explainotl untha* Sta*. .'fPdi. If, ntnv» the V(‘ssel is cooled 
from without, the litpiid will first. Ini eoohai (hetnaust* it, is a, hotter con- 
ductor of heat than the vapt>rh ''rhus, tin* avt*ragt‘ vtdoeity ef the liquid 
molecules will be decreaseth L<*s.m of tin* litpiid nioh*euh‘H will then have 
that abnormal velocity whkdi i.s neetxssary tt> projtHd, them int.o the space 
above the liquid level- But, for tin* in.stauf, at. least, t.lui vapor molecules 
still poossess the same velocitiixs as bt^fon* ln*at wa.s absiracted. Hence 
the equilibrium between the numher of mnleeules passing into and out 
of the liquid is temporarily ile.st, roved. 

Now more vapor molecules wall ent.er (he lirjuid than Iiuivo the liquid. 
Hence, the more raj)idly moving vapor moleeultxs mitm* the liquid— -tend- 
ing to increase the temperabm^ of the. U<|uid and deerease tliat of the 
vapor. But heat is being withdrawn from (h(‘H(jui<l. HmieiL (he liquid 
temperature is not incroa,sod liy the (‘idering vapor niuleeules Imt the 
liquid temperature remains cons(.aut un(il (he vapor and liipud attain 
the same temperature. By tlii.s tirm^ tmough vapor molecules have 
entered the liquid (in excess of those whieh leave left. tlu*. liquid) to 
decrease the temperature of the vapor to such a point, that miuilihriumis 
again restored — the number of molecules (ud.ering and leaving the rniuid 
is again the same. But, during this iiroe.cxss, num^ luolecnlejH have been 
entering the liquid than have heon leaving it. Ilmua*, a. portion of the 
vapor has been condensed. 

310. Two Or More Vapors, When Mixed, Do Not Affect The 
Saturation Point Or Vapor Pressure Of Either provided the 
vapors do not act chemically on one anotlnu* nor mix liy solu- 
tion (Sec. 169) when condenBocl. The prtxstuiee of more than 
one vapor simply has a retarding (effect on tlut iimt^ necessary 
for a vapor to become saturated. The Hanu^, amount of liquid 
will evaporate into an aii*-fxlled space as into a vacuunn of the 
same volume. The air merely retards the rate of evaporation. 

Explanation. — The molecules of any gtis or vaimr have considerable 
space between them. The molecules of the second va|)or ocscupy por- 
tions of these empty spaces. It is evident, from the theory of molecular 
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motion of gases, that the molecules in vaporizing from a liquid must 
encounter opposition by colliding with the molecules of the second vapor. 
Hence, due to the thus retarded motion, the time necessary for sufiBcient 
molecules to pass from the liquid to produce saturation is increased. It 
follows that complete saturation of a space wherein a partial vacuum 
exists is accomplished with greater rapidity than where the space is 
filled with air or other gas. 




311. The Effect Of The Air In Retarding The Rate Of 
Evaporation is important. If water vapor, which is constantly 
evaporating from river, lake, and ocean, diffused rapidly, the 
atmosphere would always be completely saturated (100-per 
cent- humidity. Sec. 331). All absorbent objects about us 
would then be soaked continually with moisture. But, because 
of its very slow dissemination, relatively 
little water vapor is contained in the 
atmosphere — even in regions adjacent 
to large bodies of water. A portion of 
that water vapor which does exist in the 
atmosphere always condenses (Sec. 339) 
when the temperatm’e falls to the satura- 
tion point (Sec. 305). Some one of the 
weather phenomena described in Sec. 339 
then results. 

312. The Combined Pressure Of Two 
Or More Vapors Or Gases Which Occupy 
The Same Space Is Equal To The Sum 
Of The Individual Pressures Exerted 
By Each. — This is the second of Dalton’s 
laws (Sec. 306). Its truth may be 
readily verified experimentally as is 
explained below: 

Example. — In Fig. 303, W is an ordinary 
barometer tube with the usual vacuum space, 
of length F, above the mercury. All of the 
tubes W, X, F, and Z are of identical construc- 
tion. Into the space above the mercury in X 
enough water has been introduced to produce 

a saturated vapor, lowering the mercury level by distance A. Similarly, 
benzene vapor in Y lowers the level by distance E. Now, if an excess 
of water and of benzene were introduced into F, the two combined 
saturated vapors would lower the mercury by distance T. Now it will 





Fiq. 303, — The combined 
pressure of two vapors is 
equal to the sum of their 
individual pressxires. 
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be found that: T ™ V + A •■}■ K (nearly). Ilils provas that the com- 
bined pressure of the water %'ai.>or and thit l»<ul:^ene vapor is nearly equal 
to the sum of their indivithial {H'c‘.ssureH. 


313. Boiling Or Ebullition Is Vaporization From Within The 
Body Of A Liquid as w(dl as fi'oin its surfaca^ When heat is 


'f' Boilihty 
iS -Jempemfm 


\ K*;hch'’ 

'Bubbks r-^i n, 

I ] ''f/ettne 


Fig, 304. — Illiietrating 
boiling 01 * internal vapori- 
zation. 


applietl (Fig. 304) to a. ghiss vessel which 
contains a I re.n-parrni litpiid, as clean 
water, bnl>hleH will, aftn* a. bo seen 
to form in that portion of the liquid 
which is iumuMliately <‘ont.iguous to the 
source of Inutt. '‘idlest^ bubhhss are com- 
posed of vapor, in pnudstdy the same form 
as that which is uyiu-ruiud l>y evaporation 
(See. 290) at the surfact^ of tlu‘ liquid. 

.hlxPLANATioN.- Thfi H<pnd in contact with the 

bottom of tlie v<*..sm(‘.I (t'iii:, dO l) absorbs heat 

from the gas flame. Liie vibratory motion (Sec. 
45) of the nudecules in this portion of the liquid 
mass is ihcrchy itiicusihed. (\u'taiu molecules 


attain very high velocities and, collhling, un‘ thus ^qummaul” to com- 


paratively great distances from one another, (hirtain td these se})aratcd 
molecules then assemble in groups and a.ssume t.h<^ mutual arrangement 
which is peculiar to the vaporous condit,ion of matter. The hulddes, 
which may be seen through the trauspanmt wall of the vessctl, are the 
visible manifestation of this arra.ngement. Being h'ls.s dense- — lighter — 
than the surrounding liquid, these !)ul)l>leH, or groups of vaporized 
molecules, tend (Sec. 137) to rise toward the upper surface. I'hat is, a 
condition of boiling or ebullition onsm^s. 


If the liquid mass is of considerable depth, the l)ubbleH which are first 
formed may disappear before they rcamh the upptir surface. When this 
happens, the biibbles have simply given up the Imat., to which they owe 
their vaporous form, to the inolcculcB of the cotder porth>nH of the liquid 
through which they have piussed. Hiey have (Bee. ir)2) condensed. 
That is, they have resumed the molecular arrangement peculiar to the 
liquid state. 


Due to this process of convection (8ec. 137) the entire mass of the 
liquid presently acquires a practically uniform tomiierature. Hence, the 
which are subsequently formed at tlic bottom of the vessel will 
retain their heat and, incidentally, their vaporous structure until they 
rise to the upper surface where they will break and their vapor will then 
mingle with the vapor above. 

Note. ^All Of The Bxjbbees Which Fobm In A Boiling Liquio May 
Not Be Vapor Bubbles. — Some of them may be due to the presence of 
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air in the liquid. Application of heat to an air-impregnated liquid will 
cause minute masses of the air to expand and form bubbles. ^ 

Note. — When A Liquid Boils The Molecules Pass Into The 
Vaporous Condition Both At The Free Surface Of The Liquid And 
At The Surfaces Of The Vapor Bubbles within the liquid. Thus, 
there is an essential difference between boiling and evaporation. In 
evaporation (Sec. 296) the molecules pass to the vaporous condition only 
at the free surface. The only reason (Millikan & Gale) why vaporiza- 
tion takes place so much more rapidly at the boiling temperature than 
just below it is that the bubbles first form at the boiling temperature 
and the evaporating surface is increased enormously by the bubbles as 
soon as they form. 

314. Table Showing Boiling Temperature Of Liquids 
At Atmospheric Pressure. See Table 350 for boiling tem- 
perature of various liquefied gases. (Marks^ Mechanical 
Engineers’ Handbook.) 



Tempera- 


Tempera- 

Liquid 

ture, in 

Liquid 

ture, in 


deg. Fahr. 


deg. Fahr. 

Zinc 

1,680 

Aniline 

363 

Sulphur 

823 

Calcium chloride (sat. sol. ) 

356 

Mercury 

675 

Turpentine 

320 

Paraffin 

572 

Toluene 

230 

Glycerine .... 

554 

Sodium chloride (sat. sol.) . 

226.4 

Phosphorus. . 

554 

Water. 

212 

Linseed oil . . . 

538 

Alcohol 

172.4 

Naphthalene . 

424 

Helium 

-450 

315. Every 

Liquid Has, 

For A Given Impressed 

Pressure, 


A Definite Boiling Temperature.^ — When a thermometer 
is inserted in a mass of liquid to which heat is being applied 
(Fig. 304), the mercury will rise until the liquid begins to 
boil. The mercury — temperature — will then become station- 
ary and will stay so (as long as there is liquid in the vessel 
and the pressure on the surface of the liquid remains con- 
stant) no matter how great the rate of heat application. Why 
the temperature thus remains constant is explained in Sec. 96 
and Sec. 98. For a given liquid and a given pressure, this 
boiling temperature, or boiling point is always the same; see 
Table 314. 
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Note. — The Reason The Tempeuathhe Of The Liquid Cannot 
♦Be Inceeasbd Above The Boilincs 1'oint is thab tlie area of surface of 
the bubbles always increases to just such an extent, ilaat. the loss of heat 
necessary to do the disgregation work which is rtuiuirtul to affect vapori- 
zation is exactly equal to the heat receivtul from the fire. In other 
words, the disgregation heat continually passing out with the ascending 
vapor molecules becomes just equal to tlie heat whicli is being continually 
supplied by the heat source. Thus, constant temperature and a heat 
balance are maintained. 

316. The Boiling Temperature Is The Temperature At 
Which The Pressure Of The Saturated Vapor Equals The 
Pressure Existing Outside Of And Imposed On The Surface 
Of The Liquid. — This pressure is, wluui the vessid is wide 
open to the air, the atmospheric ]>r('ssure. Wlien the vessel 
is closed, the pressure is that due to the liciuid vapor (usually 
steam) in the vessel plus the pressure of tdu^ air or any other 
gas which may be present. 

Example. — When a steam boiler is first placed in operation and has 
air in its steam space, the air pressure imposed on t he wat.m’ surface may 
be considerable- (up to at,mo.sj)heric pressure). 
But after the boihn* has l)eeu operated for a short 
time, practically all of th(‘ air is dis])laced and the 
pressure then inqjosed on th(^ liipiid surface is due 
almost wholly to thci vapor |)r(‘s.sure of tiic liquid. 

Explanation." —A s stahal pnA^iously, the forma- 
tion of vapor bubbles is tlu^ visilile in a nifestation 
of and is essential to boiling. Now it, is evident 
that the vajior i>ressure of tin^ vapor (Fig. 305) 
within each bubl)le must (disregarding the small 
additional imiiressed pn'ssure due: t.o tluddirnst of 
the liquid itself) be th(‘ same as Uni pressure" -often 
the atmospheric pre.ssiire. w^hiidi presses on the 
surface of the licpiid. inside vapor pressure 

.and the outside iinpn^ssiMl pri^ssuri^ must exactly 
equal each otluT— otlnunvise the bubbUi would 

collapse. Now (Sec. 315) a caad-ain didlnito tem- 

surV^thin steam bubble PO^ature is rcquirod for !>ro,luc.ti<>n of each 
equals pressure imposed vapor pressure. Thcrofoni it is (witlent that 
on outside of bubble. bubbles cannot form until the tcmqxwaturc of the 
liquid is such that the prtisHure which its vapor 
exerts is exactly equal to the impreBsed iin^ssure, Ihuiee, the boiling 
temperature of a liquid — ^the temperature of bubble formation—must 
be that temperature at which the vapor pressure ocpials the impressed 
pressure. 
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317. The Effect Of Change Of Pressure On The Boiling 
points Of Liquids (See Table 318) will now be considered. 
If a boiling liquid is subjected to additional pressure, the 
boiling will cease and the temperature will again rise as the 
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Fig. 306. — Graph showing relation of boiling temperature of water to pressure. 


application of heat is continued. Ultimately, a new tempera- 
ture — which corresponds to a new pressure — will be attained 
at which boiling will again commence. The greater the pres- 
sure the greater the boiling point (Fig. 306) and vice versa. 

Example Op The Effect On Boiling Temperature Op Increas- 
ing The Pressure. — In Fig. 307, heat is imparted to water in A. There- 
by the water in this cylinder is boiled. In the end of the cylinder fits a 
piston, P, which has sufficient weight to maintain a pressure of about 
5 lb. per sq. in. gage within the cylinder. The sliding piston maintains 
the pressure constant. When the heating is begun, the piston rests on 
the surface of the cool water and the thermometer, F, indicates a low 
temperature — ^the temperature of the cool water. As the heating is 
continued, the temperature rises to about (see steam table, Sec. 394) 
228° F,, which corresponds to a pressure of 5 lb. per sq. in. At this tem- 
perature boiling commences. No further rise in temperature is indi- 
cated by the thermometer nor does the pressure, as shown by the gage, 
G, increase. But as the vapor which is projected from the boiling water 
collects above it, more and more space is required by the vapor. This 
pushes the piston up in the cylinder until, if permitted to continue, it 
would force the piston out of the top. But the pressure and temperature 
remain constant. 
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Now, suppose that after tho boiling, ns shown in A, Iuls oontiniipS f 
a time, the pressure within the cyliti(li>r is so im-reaseil hv the 
of weight, rr, that the gage will in.li(nite eonstautly 10 lb. per sq *”n 



Fig. 307. Illustrating effect of pressure on boiling points of liquids. 



Fig. 308.- 


-Experiment proving that the boiling p„i„t .lecreaeoH a, tne preeeure 
aeoroafied. 


MMuroasea. 

vaoor and hen • reduces the, volume of the 

ce, increases its pressure. Due to this increased pressure, 
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boiling at once ceases — ^there will be no vapor bubbles in the liquid in B. 
But, if the heating of B is continued, ultimately the new boiling tem- 
perature, pf about 240° F. (see steam table), which corresponds to the 
new pressure of 10 lb. per sq. in., will be attained as shown at C, Then, 



Fig. 309. — Illustrating effect of pressure on the boiling temperatures of liquids. 



Fig. 310. — Graph showing variation of boiling temperature of water in accordance with 
variations of altitude above sea level. 

the piston will again commence to rise as the boiling once more starts. 
Again, under these new conditions, the new temperature and the new 
pressure will remain constant. 

Example Of The Effect On Boiling Temperatuhe Of Decbeasing 
The Pressure. — First, the water in the flask F (Fig. 308) is boiled. 
19 
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Then the flask is removed from the flame, corktHi, aiul inverted as at G. 
The temperature of the hot water in the flask soon falls to l>elow 212° F. 
and the boiling ceases. But if now some cold water be poured over the 
flask, as shown, the water in tlui flask will <uuniu(mee to boil again. The 
cold water by condensing the steam in the flask <hH‘.reas(\s the impressed 
pressure. Thereby the water in the flask boils at a tmupiu-ature lower 
than 212° F. But when suflicient vapor has been (‘voIv<ul in the flask to 
produce the vapor pressure which corn\spomlH to ilu^ new lower tem- 
perature, the boiling ceases. This procovss of ladling ami condensation 
may be repeated many times at successively lowen* t.<nnp(watures, without 
reheating, by repeated water applications. 

Example. — Water in a steam boiler, umhw ordimiry atmospheric 
pressure, or 14.7 lb. per sep in., boils (Talde 21 S or any steam table and 
Fig. 306) at 212° F. When the wat(w has va,poriz(Hl int.o steam until 



Fia. 311. — Pressure steam cooker. (Boilinj'; of the -vvator in the tiKhtly-closed 
vessel generates steam, which is not ixirinittod to csoaix''. 'i'ho increases the 

pressure within the vessel and thus raises the boiling point.) 


(Fig. 309) a pressure of 100 lb. per sq. in. gage is aitaimnl, the boiling 
temperature is then, as shown by any steam tabhi 394) 328° F. 

Examples.-^ — Water in an open vessel will boil on the top of a high 
mountain at a much lower temperature (Table 319 and Pig. 310) than at 
sea level. This is because of the lower atmospheric pressure (Sec. 9) 
at the high altitude. It requires a long time to cook eggs or vegetables 
by boiling on a high mountain top because of the low boiling tempera- 
tures at high elevations. This difficulty may be overcome l>y boiling 
the food in a closed vessel or in a pressuro cooker (Fig. 311) whereby 
the boiling point of the contained liquid is raised by the self-generated 
internal pressure. 
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318. Table Showing Boiling Temperatures Of Water At 
Various Pressures. (From Marks and Davis’ Steam Tables.) 


“Pressure, in lb. per sq. in. 

Boiling tem- 
perature, in 
deg. Fahr. 

“Pressure, in lb. per 
sq. in. 

Boiling tem- 
perature, in 
deg. Fahr. 

Absolute 

Gage 

Absolute 

Gage 

1 

- 13.7 

101.8 

! 

100 

85.3 

327.8 

5 

- 9.7 

153.0 

150 1 

135.3 

358.6 

10 

— 4.7 

193.2 

200 j 

185.3 

1 381. 9 

14.7 

0.0 

212.0 

250 

235.3 

401.1 

15 

0.3 

213.0 

300 

285.3 

417.5 

25 

10.3 

240.1 

400 

385.3 

444.8 

60 

35.3 

281.0 

500 

485.3 

467.3 

75 

60.3 

307.6 

600 

585.3 

486.6 


" Absolute Pressure — Gage Pressure + 14.7. Gage Pressure == Absolute Pressure — 
14.7. The equations are true only when the pressures are expressed in pounds per 
square inch. See Sec. 18 for equations and explanation. 


319. Table Showing Average Boiling Temperatures Of 
Water At Various Altitudes Above Sea-level. It should be 
understood that, at any elevation, the barometric pressure 
varies from time to time. At all times, the actual boiling 
point of water is that corresponding to the atmospheric or 
barometric pressure and may be accurately found in any 
steam table (Sec. 394). 


Altitude, in feet 

Boiling 
tempera- 
ture, in 
degrees 
Fahrenheit 

Altitude, in feet 

Boiling 
tempera- 
ture, in 
degrees 
Fahrenheit 

1 .3 Iff ("HAad Se«) 

214 

4,130 

204 

— 505 

213 

5,185 

202 

0 (Sea level) 

212 

6,250 (Mt. Washington). . . 

200 

510. 

211 

8,950 

195 

1 020 

210 

11,720 

190 

1,545 

209 

15,650 (Mont Blanc) 

184 

2 050 

208 

17,337 (Himalayas) 

180 

3!o85 

206 
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320. The BoiUng Temperature Of A Liquid Which 
pother Substance In Solution may be t-ithevr al)ove or below 
the boiling temperature of the pure liquid. If the dissolve! 
substance is a solid, the boiling tt‘i!i]it>r;if.iii-{i will be InVii 
than that of the pure liquid. But if the liquid h:,!L!: ga ta 
bTlowIr ^ “ solution, the boiling leniperattro wiU 


Example— W hen a quantity of water (.1, Fiir i,.,„ ,• , 

(Table 321) as much salt as it can pos,sihlyS.;>Id in sohUh!:; 



Fto. 312.— Illustrating the oloratjug 
effect of a dissolved solid on tlie boiling 
point of a liquid substance. 


the de- 

pmsHiiij; tdTect, of a disHolved gas, on 
tho boiling point of a liquid sub- 
Htaneo. (Kteain Inihbles only rise 
loni the pure water whereas both 
ateain and carbon dioxide biilibles 
TiHO from the solution,) 


mieHOlUUon.) 

resultiug I.riuo (,/l, Pig. 312) 

carbon-dioxide gas in soMo! the bolr'’' 

(A Tig. 313) will be less than’2?2» E. ^ *“'“‘’“■‘‘■*'**•0 of the solution 
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321 « Table Showing Boiling Temperature Of Brine At 
Different Degrees Of Saturation, — Computed from Smith- 
sonian Tables, 


Units by weight of salt to 100 units 
of water 

Temperature, deg. Fahr. 

6.6 

2-12 

12.4 

215.6 

17.2 

217.4 

21,5 

219.2 

26.5 

221 

33.5 

222.8 

40.7 

227.8 


322. The Latent Heat Of Vaporization is, generally speaking, 
the heat which is (Sec. 106) required to change a liquid at a 
given temperature into a vapor at the same temperature. 
A very great quantity of heat is necessary to effect vaporiza- 
tion although no temperature change occurs. Specifically: 
The latent heat of vaporization of a liquid is the number of 
B.t.u. (Table 323) which is absorbed and necessary — to change 
1 lb. of the liquid into vapor at the same temperature and pres- 
sure. (Refer to Sec. 289 for a discussion of latent heat of 
fusion which is a somewhat similar property.) See preceding 
explanation (Sec. 104) of how the heat expended in vapor- 
ization is largely employed in doing disgregation work — but 
some of the heat may also be expended in doing external 
work as is there explained. 

Example. — Consider a closed vessel (Fig. 314) which has an escape 
valve, Vf so adjusted that any vapor generated within the vessel will 
pass out at precisely the requisite rate to preserve a constant absolute 
pressure (Sec, 15) within the vessel of 14.7 lb. per sq. in. This is equiva- 
lent to 0.0 lb. per sq. in. gage pressure (Sec. 16). Exactly the same condi- 
tions would obtain if the vessel were located at the sea level (Sec. 9) 
and were open to the atmosphere. 

Now, 1 lb. of water at 32° F. is placed in the vessel. It is heated with 
the spirit-lamp, L, flame. The mercury column in the thermometer will 
rise gradually until 180 B.t.u. — MN^ Fig. 315 — of heat (vibration heat) 
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is shown by Ai? in Fig. 315. The iiicrcjiHC in teniix'rutiirc is due to“ 
vibration work (Sec. 97) which has boon doiu^ by Uie lu^at on the water. 

When the water temperature attains 212" F. t.he imparted heat will 
commence to do disgregation work (Sec. 98) and 1 h(‘ wa ter will connnence 
to boil — ^vaporize — because the boiling point of water at atmospheric 
pressure (14.7 lb. per sq. in.) is 212® F. Now as the lamp, Jv, continues 
to impart heat to the water, the heat will contimK^ to do disgregation 
work and vaporization will continue. That is, stearu will start forming 
when the water temperature first attains 212" F. and iis formation will 
continue so long as heat (disgregation lieat) is Ixung imparted to the 
water. But while this vaporization ensues the tinnperature of the water 
will not rise above 212® F. (BC, Fig. 315) in spit(‘ of tht^ fact tliat heat is 
being added continually to the water. The thermomc‘t(^r will stand 
stationary at the 212® mark until the water has Ixnm entirely changed 
into water vapor or steam. This is indicated by the line BC in Fig. 
315. There will be required, so repeated experiments show, 970.4 B.t.u. 
(NO, Fig. 315) to change the Idb. of water at 212® into 1 lb. of steam at 
212 ®. 

The heat required (970.4 B.t.u. in this case) to change 1 lb. of the liquid 
at boiling temperature into vapor at the same te.mpcsrature is the latent 
heat of vaporization of the liquid. 

If the heating is continued, at the instant the last brace of the original 
1 lb. of water flashes into steam, the thermometer mercury will begin to 
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rise. The temperature rise will be due to the heat-vibration heat— 
which is absorbed by the steam and which will now manifest itself partly 
as vibration work (Sec. 97). That is, the steam becomes superheated 
(Sec. 356). 

Explanation. — Although the thermometer in Fig- 314 indicated no 
temperature rise while the vaporization was in progress, heat was, never- 
theless, being transmitted, continually from the flame to the water. 
But the energy of this latent (Sec. 106) or apparently inactive heat was 
spent partly in the work of disintegrating the molecular structure of the 
liquid molecules and in building up the new vapor-molecule structure 
(disgregation work, Sec. 98) and partly in expanding the molecules 
against external forces — ^the atmospheric pressure in this case (external 
work. Sec. 99). Therefore, this latent heat resides in the vapor in the 
form of potential molecular energy. It is transformed into the potential 
energy (Sec. 25) of position which the vapor molecules possess by virtue 
of their increased distance from one another. This phenomenon is 
similar to that of latent heat of fusion (Sec. 289) and is present in the 
vaporization of all substances. 

Example. — How much heat will be required, at atmospheric pressure, 
to vaporize 10 lb. of mercury which is at a temperature of 40® F. ? 

Solution. — From Table 314, the boiling or vaporizing temperature 
of mercury is 675® F. From Table 90, the average specific heat of mer- 
cury is 0.033. Therefore, the heat necessary to raise the temperature of 
the 10 lb. of mercury from 40° F. to its vaporizing temperature is: (675 
— 40) X 10 X 0,033 = 218.6 B.t.u, From Table 323, the latent heat of 
vaporization of mercury is 122 B.t.u. per lb. Therefore, to vaporize 
the 10 lb., there would be required: 10 X 122 = 1,220 B.t.u. Hence, 
the total heat necessary to raise the temperature and vaporize would be: 
218.6 + 1,220 = 1,438.6 B.t.u. Note that the greatest part of the total 
heat is necessary to effect vaporization and that comparatively little is 
used in raising the temperature of the mercury to the vaporizing point. 

Example. — How much heat will be required to: (1) Convert into 
water, a 201.5-lb. block of ice which is at 29° F.; (2) Raise the temperature 
of the resulting water to the boiling point at atmospheric pressure; (3) 
Vaporize the water under atmospheric pressure? 

Solution. — In an example under Sec. 292 it is shown that 29,186 
B.t.u. are necessary to convert the 201.5 lb. of ice into water at 32° F., 
which is the melting temperature of ice. Now, from Table 90, the mean 
specific heat of water is 1.0. Also, from Table 314, the vaporizing tem- 
perature of water at atmospheric pressure is 212° F. Therefore, to raise 
the 201.5 lb. of water to the vaporizing temperature there would be 
required: (212 — 32) X 1.0 X 201.5 = 36,270 B.t.u. Since, the latent 
heat of vaporization of water at atmospheric pressure is (Table 323) 
970.4 B.t.u. per lb., to vaporize this 201.5 lb. of water, there would be 
necessary: 201.5 X 970.4 = 195,536 B.t.u. Then, the total heat 
expenditure for melting the ice, raising the temperature of the water and 
vaporizing it is: 29,186 + 36,270 + 195,536 = 260,992 B.t.u. 
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Notk- — The Latent Heat Of Vai'Orizatxon' Op A Lkictib Dimin- 
ishes As The TEMPERATurtK Ant> PriESKiiuE, XIjn'peh Which The 
Vaporization Occurs^ Increase* — it disappears (‘iii.ircly when (Sec 
349) the critical tcmperat.ure and pri^ssure ar<‘ reached. Bee the vapor 
tables in Div. 11 for values. 

323. Table Of Latent Heats Of Vaporization At Atmospheric 


Pressure. (Marks ^ 

M ECU I AN 1 0 A Ij F N U 1 N E 10 US ’ 

Handbook) 


Latxuit 



Ltitent heat 

Material 

of va.pon- 

j Ma(<‘rial 

<4 vapori- 


zatioti 

Ill 


zation, in 


B.t.u. pc 

wlb. 

i 

B.t.u. per lb. 

Acetone 

233 


1 Bydroi^iai 

222 

Alcohol 

385 


■McdXiyl <ddoritU‘. 

175 

Aniline 

198 


Mcrcurv 

122 

Benzol 

1(>9 


Ni(.ro|i;on 

B1.5 

Carbon bisulphide 

152. 

5 

Oxygcui . 

92 

Chlorine 

112 


Sulphur 

650 

Chloroform 

110 


Turpentiru' 

126 

Ether 

162 


Water 

070.4 


324. The Latent Heat Of Steam is tlu‘ hout of vapori- 

zation (as defined above) of water and is vximil to 970.4 B.t.u. 
at atmospheric pressure — 14.7 lb. per sip in. absolute — and 
the corresponding temperature of 212® F. Sec steam table 
394 for other temperatures and pressures. 

326. The Latent Heat Of Vaporization May Be Divided 
Into Two Parts: (1) Exter?ial latent heat of vaporization. 
(2) Internal latent heat of vaporization. JXoth, are defined 
below. Both of these latent hca.ts arc storcul in the vapor 
and are given out when the vapor is conckvnsed under the same 
external conditions as those under which it was vaporized. 
Values for these two heats, for the common vapors, arc given 
in the tables in Div. 11. Thus: 

(^^1) ^ = B/s.- + Li (B.t.u. per lb.) 

Wherein: L = latent heat of vaporization, that is, tlie total 
latent heat of vaporization, in Britisii thermal units per pound. 
Lif == external latent heat of vaporization, in British thermal 
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units per pound. 'Ll = interna,! latent heat of vaporization, 

in British thermal units per pound. 

326. The Internal Latent Heat Of Vaporization^ Lj, is the 
disgregation heat which must be added to the liquid to vaporize 
it, or which is given up by the vapor when it is liquefied. It 
is the heat energy which is expended in the internal work of 
overcoming the molecular cohesion of the liquid molecules 
which is necessary to change them into vapor molecules. 
It is the increase in internal heat energy which accompanies 
vaporization. As is shown by the values in the tables of 
vapor properties in Div. 11, the internal latent heat of vapori- 
zation decreases as the temperature, at which the vaporization 
occurs, increases. This is because the higher the temperature 
the more rapidly the molecules will be vibrating and the 
further they will be apart; hence, less heat will be required to 
disgregate into a vapor a liquid at a high temperature than will 
be required for a liquid at a low temperature. 

327. The External Latent Heat Of Vaporization, L^, is 
the external-work heat which must be added to the liquid to 
vaporize it or which is given up by the vapor when it is lique- 
fied. It is the heat energy which must be expended in over- 
coming the resistance of external forces to the increase of 
volume of a liquid substance, which is incident to its vaporiza- 
tion. It is equivalent to the mechanical work done by the 
substance in expanding from the liquid state to the vapor 
condition of the gaseous state. See explanation below. 

Explanation. — Consider a cylinder (Fig. 316) which has an internal 
sectional area of 1 sq. ft. and which is somewhat over 26.8 ft. high. 
The cylinder stands open in the atmosphere — which imposes on it an 
absolute pressure of 14.7 lb: per sq, in. Suppose that 1 lb. of water 
at a temperature of 212° F. is placed in the cylinder, as at I. Now 
add heat and vaporize this 1 lb. of water. Experiment will show (see 
Steam Table 394 in Div. 11), that it will require 970.4 B t.u. (the latent 
heat of vaporization) to vaporize the 1 lb. of water at 212° F. into steam 
at 212° F. Now, the steam thus formed will, so experiment shows, force 
the air out of the cylinder I against the atmospheric pressure of 14.7 lb. 
per sq. in. (2,117 lb, per sq. ft.) and will exactly fill the cylinder— as in 
Fig. 316-/J — ^which has a volume of 26.8 cu. ft. 

The external work done, by the expansion of the water into steam, 
under atmospheric pressure, will be: Force X Distance 2,117 X 26.8 == 
56,376 ft.-lb. Now, this external work done by the steam in expanding 
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accounts for only a small part of the total lat.ent heat of <)70.4 u <• 
which was expended in cluuij»:in|jc th<^ licpiifl into a, vanor Tlnio. 

778 = 72.S -- cxtv.nud M fu;d of 




14. 7 Lb. Per Sq-. * 

In. Pres.sure ^ ^ — ' 

Pi:don-C^'\ h n 


< "'Pul ley - . 



■■ Added) 

I- Wof-ter Being Vaporized IE- Vaporization Completed H-Sfcctm Rc-Condcnscol 

Pig. 316.— Showing eitornaUatcntW<,CvaiK,r!.ali,m,.„nv,.rf,li„l„.,.,..-ha„icaI work, 
remainder: 970 4 - 72.8 = 8<)7.(; H.l.u.. inln-nnl InU-nt heat oj 
Hon and is heat which was ox|iondcd in (lisurcgul inn wnii;. 

(Fig. 316-rj) a tight piston /' is inscrl.cil in I, lie cyliniliT mid the 1 lb. of 
s earn be coojed so that it will contract (cnndcn.sc) l,a<-.k into 1 lb. of 
water at 212 F. a.s at ///—Fig. 310 . 'rb,.,, (he atniosphcnc iirossure 

lifted 26.8 ft., because 2,117 X 20.8 r.(i,7:!0 /l.-ll,.; all fricfioi, losses 

«^<''^>'“hl work ilono during the vaporiza- 
tion would be recovered. This is one of the prin,-iplo.s the application of 
which renders useful a condenser (Sec. r,l:{) oi, a s(.,.,uu engine or turbine. 

328. When A Liquid Is Vaporized, The Latent Heat Of 
Vaporization Required Therefor Is Abstracted From Sur- 
rounding Objects.—Thus vaporization i.s, in reality, a cooling 
process The heat thus required may lie taken from the 
flame of a lamp (Fig. 307) or from the flame of a coal fire under 
a steam boiler. Or, as explained in preet'ding Sec. 300, the 
heat may be drawn from the liquid itself, tlieroby cooling the 
quid. This principle is utilized practically in a number of 

useful ways, the most important of which have been mentioned 
m bee. 293. * 
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329. When A Vapor Condenses, Its Latent Heat Of Vapori- 
zation Is Given Up To Surrounding Objects. — Condensation 
is defined and discussed briefly in preceding Sec. 162. Thus, 
when 1 lb, of vapor is condensed due either to increased pres- 
sure or decreased temperature or both, it releases the number 
of B.t.u. (Sec. 322) which is equivalent to its latent heat of 
vaporization. With a given pressure, condensation takes 
place at the same temperature at which vaporization occurs. 

Example.— The heat given out (Fig. 317) by a steam-heating system 
(Div. 17) is almost wholly heat which is released by the condensation 
of steam in the radiators and then transmitted through their walls to 
warm the air of the room. 

Example. In condensers for steam power plants and other services, 
the steam or vapor is condensed by cooling it, usually with cold water. 
The latent heat of vaporization thus released is absorbed by the cooling 
water and raises its temperature. 

Example. — Closed tank K in Fig. 318 is of such size that it will contain 
exactly 1 lb. of steam at 0.0 lb. per sq. in. gage pressure — or 14.7 ]b. per 
sq. in. absolute pressure. That is, it will contain 1 lb. of steam at atmos- 
pheric pressure. The tank is fitted with an 
automatic air-inlet valve, B, or vacuum 
beaker which opens to the atmosphere at 
the precise instant necessary to prevent 


''"'Sfzam H<zoftmg Ro/oHafor 
Fig. 317. — Showing heating with steam radiator Fig. 31S. — Condensing steam 
through latent heat of vaporization. at a constant pressure. 

formation of a partial vacuum by condensation of the steam. Thereby, 
the pressure within K is prevented from falling below 14.7 lb. per sq. in. 

Now, 1 lb. of steam is admitted to K. The temperature T, of this 
steam, as shown by the steam table, is 212'^ F. ' The steam begins to cool. 
It gives up heat to surrounding objects as indicated by AB in Fig. 319. 
Immediately some of the steam condenses to water at 212° F. But the 
temperature of the remaining steam stays constant, as indicated by 
line ABj until 970.4 B.t.u. has been given up: The latent heat of steam 
at atmospheric pressure is 970.4 B.t.u. The remainder of the steam 
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condenses gradually. When exactly 070.4 B.t.u. hav<i {naai given up all 
of the steam will have condensijd to wat<*r. 

If heat be further alwtniekMl from tin? wator {H<\ Kig. 319), its tem- 
perature will be decreased corresporuliugly. ISO B.t.u. have been 



Fiq. 319. — Illustrating lateut-hcafc i)luuu>in«in)n in coniirji.sat iuu of 1 lb, of steam, 

abstracted, the temperature of the wa.t(‘r will I hen ini 32" F. This 
condensation process is just the rcwtu’.si^ of the vajxu-i/.niioiT process 
which is described in connection with lU l aiul .‘Uh. 

330. Atmospheric Air Contains oxyp;(‘ih, nitrogen, a little 
carbon dioxide, traces of otlior ran^ gast^s, und waim' vapor. 
The air is, therefore, a mixture of gases and water vapor. 
The water vapor is in the air priucipa!] as the n^sult of evapora- 
tion from the surfaces of rivers, lakes, iK>mls, and from ^^moist” 
objects. The water vapor in the air is not, usually, in the 
saturated state. That is, the air can usually !>e cooled or 
compressed somewhat bofoi^e the moisture (water vapor) in 
it is condensed. The term humidity is ustai to describe the 
condition of air which contains water vapor; me following 
section. 

331. Atmospheric Humidity may be (bspresst^l in two differ- 
ent ways: (1) The absolute humidity (Table 332) wliicli expresses 
the total weight of water vapor in a unit volume of air. (2) 
The relative humidity, which ex])r(bssc\s the ratio which exists 
between the weight of vapor actually present in a unit volume 
of air to the weight that would be present if the vapor were 
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saturated at its actual temperature. TMs ratio is commonly 
denoted as a percentage of complete saturation. 

332. Table Showing Absolute Humidities Or The Weights , In 
Grains Per Cubic Foot, Corresponding To Different Tempera- 
tures And Percentages Of Relative Humidity Of Aqueous 
Vapor In Atmospheric Air. 


Percentage of relative humidity 


Air tempera- 


ture, in deg. 
Fabr. 

10 % 20 % 30 % 

40 % 

50% 

60 % 

70 % 

80% 

90 % 100 % 

-20 

0.017 0.033 0.050 

0.066 

0.083 

,0.100 

0.116 

0.133 

0.149 0.166 

— 10 

0.028 0.057 0.086 

0.114 

0.142 

0.171 

0.200 

0.228 

0.256 0.285 

0 

0.048 0.096 0. 144 

0.192 

0.240 

0.289 

0.337 

0.386 

0.433 0.481 

10 

0.078 0.155 0.233 

0.310 

0.388 

0.466 

0.543 

0.621 

0.698 0.776 

20 

0.124 0.247 0.370 

0.494 

0.618 

0.741 

0.864 

0.988 

1.112 1.235 

30 

0.194 0.387 0.580 

0.774 

0.968 

1.161 

1.354 

1.548 

1.742 1.935 

40 

0.285 0.570 0.855 

1.140 

1.424 

1.709 

1.994 

2.279 

2.564 2.849 

50 

0.40S 0.815 1.223 

1.630 

2.038 

2.446 

2.853 

3.261 

3.668 4.076 

60 

0.574 1.149 1.724 

2.298 

2.872 

3.447 

4.022 

4.596 

5.170 5.745 

• 70 

0.798 1.596 2.394 

3.192 

3.990 

4.788 

5.586 

6.384 

7.182 7.980 

80 

1.093 2.187 3.280 

4.374 

5.467 

6.560 

7.654 

8.747 

9.841 10.934 

90 

1.479 2.958 4.437 

5.916 

7.395 

8. 874 

10.353 

11.832 

13.311 14.790 

100 

1 . 977 3 . 953 5 . 930 

7.906 

9.883 

11.860 

13.836 

15.813 

17.789 19.766 

110 

2.611 5.222 7. 834 

10.445 

13.056 

15.667 

18.278 

20 . 890 

23.501 26.112 


Note. — The above table is an abstract from Psychromethic Tables 
by C. F. Marvin, published by the U. S. Weather Bureau, Washington, 
D. C., as Bulletin No, 235. 


333. Humidity Of The Atmosphere is that condition of 
atmospheric air wherein it is more or less permeated with water 
vapor. Humidity is a universal and necessary attribute of 
the earths' atmosphere. Atmospheric air in one locality may 
be many times less, humid — contain less water vapor than 
in another. But nowhere will it be found entirely without 
water vapor. The humidity varies with the temperature. 
The cool air at the summit of a mountain is, generally, much 
less humid than the comparatively warm air in the valley at 
the mountain's base. 

Note. — ^Existence Of A Proper Amount Op Water Vapor In The 
Atmosphere Is Essential to comfortable and hygienic living conditions, 
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both for plaxxts and aiunials. l‘\>r human heingH, too inucli humidity 
is about as uncomfortable ns too lit tie. Wlum the humidity is too low 
one expexicnces a dry partdiotl ftHding. Wdmii it is to(,> grea,t, the “sticky’’ 
sensation, which 0(‘.curs on damp fiot tlays, is hdt. In winter when the 
natural humidity within buildings is low <hut to ( h«‘ low humidity out of 



Fig. 320 . ‘ Fig. . 321 . 


Fto. 320. — Cross soctiou slunvuip; humulif.yiuj.; annui-jO uh. ur “luimuiiruitr,'’ in air 
duct of vontilatiiig sysUun. (Wlu'ii tho Immitlil.v hrruntfH low, thn humidtmtnt, which 
is located in a room above, admits air i»r<*;)wm'e U> ibaidiraj'.novjdve A, thus opening 
steam valve, S.) 

Fig. 321. — Elomontary air drier for blaHt fnniaec. ( Atuiuoniii i« eompre.saod in i, 
condensed in C, and allowed to expand into //. Urine ia («ireiilafed t.hnnndi //and T. 
Air is sucked by F through T, wherein it is eoole<l below the dew point, and the condensed 
vapor is removed, as water, l).v bafllea. ) 

doors and the drying effect of the lu‘at.ing .sysf.«*ms, t lie (hvlicitaicy maybe 
supplied (Fig. 320) by n. huniddfjlcr. In e(‘rl.ain maimfac.iuring processes 
a delinite humidity is epute nt'cessary. A snit.ably-di^sigmul liumidifier 
will provide it. In othex processt's, for which tlry air is n'quired, the 
moisture may be removed by a. dc/z/omr ////.< x, or (dr f/r/cr (Fig. 321). 

334. Relative Humidities May Be Determined By Means Of 
The Sling Psychrometer (,hh*g. 322) or wid-uTubdry-bulb 
thermometer. The utility of this iibstrunuuit is based upon 
the piinciple (Sec. 300) of cooling by (‘vai)(>rali()n. h]vapora- 
tion of moisture from the muslin (doth which envelopes the 
bulb of thermometer A producers a (U)oling (^ITcHd. theu-eof which 
causes thermometer A to giv(^ a low(U’ nuiding than thermometer 
B, the bulb of which is exposed dircMdily to the air. 

Explanation. — The muslin whicdi env(dope.s wtd. l>ulb (Fig. 322) 
is thoroughly saturated with water. Th<^ Hlirig psychromtd.^x m then 
whirled rapidly through the air for al)out oiui ,minui.(b Thin is to insure a 
rapid penetration of air among the fibcrH of ihes cloth around the wet 
bulb. 

The difference between the indications of tlununomcdf(u*H A and B is then 
noted. The one with the wot bulb will, gimerally, show a lower reading 
than the one with the dry bulb. This is due to the fact that, in general, 
fche vapor in atmospheric air is not saturated. When there is no differ- 
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encG betweGn tlie rGadings of th.ermome'fcers A and jB, the water vapor 
which is intermingled with the air is fully saturj,ted. 

The psychrometer is based on the law of evaporation (Sec. 
298) that the rate of evaporation is greater into dry air than 
into air which contains vapor. The whirling of the ther- 
mometers causes the water on the wet bulb to evaporate 



"^''■fafirznheJt Thermomzizrs 


'Dry Bulb-dn Dtrzcr 
! Confdci with Air) 


-.2 V With 

Fig. 322. — A sling psychrometer. 

rapidly. The evaporation cools (Sec. 300) the thermometer 
and the water around its bulb. Evaporation and cooling 
continue until the water is cooled to the temperature at which 
its vapor pressure is just suf&cient to keep driving off vapor 
molecules at a constant rate. 

Now it can be shown that the relative humidity of the air is a function 
of the temperature-difference indicated by the wet- and dry-bulb ther- 
mometers of a sling psychrometer. Hence, when the temperature- 
differences are known, the corresponding relative humidities may be 
determined by consulting Table 335. 

Example. — Suppose that air at a temperature of 70° F. is drawn into a^ 
building through the ventilating ducts. Also, suppose that a humidity 
test, made with a sling psychrometer (Fig. 322), shows a temperature 
difference, between thermometers A and jB, of 17° F. Then, by Table 
335, the relative humidity is 30 per cent. This value is found in the 
same horizontal row with 70, which is the given air-temperature, and in 
the same vertical row with 17, which is the given psychrometer-difference. 
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335. Table Showing Relative HuiniditieSj In Per Cent. 
Corresponding To Various Wet-* And Bry-bulb Temperature 
Differences (accurate for an al mosphoric* pn‘.s.siire of 14.25 
lb. persq. in. = 29-in. baronadta*}. 


Air tainporature, in dt??;. j 
Fahr. 


'r<'>nip*'ra(ur«*“-iidTrr*'iM‘«', in Fahrt'uhoit, 

w«‘l' tmd dj'> l*ulh f hcnuotiKsfcrH 
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00 
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05 
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76 
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96 

02 

88 
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81 

77 

71 

70 

07 

88 
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96 

92 

88 

85 

81 

78 
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71 

07 
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96 

92 

89 

86 

81 

78 

73 

71 
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96 
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85 
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75 

72 
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96 
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Note. — -The Above Table Ib An Ai^bthaot Fhom 'Pbyciteombteio 
Tables by C. F. Marvin, publisliod by the U. S. Weather Bureau, 
Washington, D. C., as Bulletin No. 285, 
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336. Relative -humidity Determinations Are Of Much 
Practical Importance. — Forecasts of probable rain or frost 
are based by weather-bureau experts on relative-humidity 
observations. In many greenhouses the humidity is mea- 
sured regularly. It is then systematically maintained at 
such values that the plants will thrive. In industrial, office, 
amusement, hospital, and residence buildings measurement 
and control of humidity may be desirable or necessary. In 
such buildings, the relative humidity should be about 50 
to 60 per cent. In certain industrial operations lower or 
higher relative humidities are frequently necessary and are 
maintained. 

337. Low Relative Humidity' In Inhabitated Buildings 
Causes Colds And Wastes Fuel. — “Dry’' air affects the 
respiratory organs adversely. Also, when the air is “dry” 
the evaporation of perspiration is rapid. The skin is cooled 
accordingly. Flence, with two rooms at the same tempera- 
ture, a person will feel much warmer in the one wherein the 
humidity is high than in the one in which it is low. The fuel 
waste thus due to low interior humidities is estimated to 
be from 12 to 25 per cent. 

Note. — Millikan And Gale State that “The average home that is 
heated to 72° F. by steam or hot water is estimated by health authorities 
to have a relative humidity of 30 per cent. With hot-air heating, it may 
be 25 per cent. This is less than the average humidity of extensive 
desert regions. 

338. A Psychrometric Chart (Fig. 323) provides a means 
for determining graphically the relative and absolute humidi- 
ties of atmospheric air and for solving many problems is air 
conditioning — that is, in regulating the temperature and 
humidity of the air. 

Example. — If, in a room, the wet-bulb and dry-bulb temperatures are, 
respectively, 74 and 85° F., what are the relative and absolute humidities? 
Solution. — Following vertically upward from the dry-bulb temperature 
of 85° F. to the inclined line representing a wet-bulb temperature of 74° F. 
the relative humidity is found to be 60 per cent. Also, following upward 
from 85° F., mark on the lower scale to the curve F and then horizontally 
to the left to the scale F, it is found that saturated water vapor at 85° F. 
weighs 12.7 grains per cu. ft. Hence, the water vapor in air of 60 per 
cent, relative humidity at 85° F. will weigh: 0.60 X 12.7 =7.6 grains 
per cu. ft. 

20 
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339. Dew, Rain, Hail, Frost, Sleet, Snow, Fog, And Clouds 
Are All The Result Of Condensation Of Moisture In The 
Atmosphere (the moisture or aqueous vapor is that produced 
by evaporation, Sec. 296). Which of these phenomena results 
is, as will be described, determined by the specific conditions 
under which the condensation occurs. 

340. The Dew Point is the temperature at which the water 
vapor in the atmosphere becomes saturated (Sec. 305) and 
will condense or deposit as drops of water or dew. 

Note. — The Dew Point Will Be Different For Different 
Absolute Humidities. — The greater the humidity the higher the dew 
point. The relative humidity at the dew point is always 100 per cent. 
As the temperature of atmosphere at 100 per cent, relative humidity 
decreases, there will be a certain condensation — production of dew — for 
each degree temperature decrease. But even if the air temperature is 
decreased to 32° F. — ^the freezing point of water — some moisture will 
remain in the air. 

341. Dew is formed when — at night — the temperature of a 
thin layer of atmosphere, which lies close to the earth’s surface, 
falls to the dew point. After the sun sets, the earth’s surface 
and the objects on it lose heat by radiation. Thereby they 
are cooled to a temperature lower than that of the main body 
of the atmosphere, whidi cools more slowly. But the tempera- 
ture of the relatively thin stratum of atmosphere (air and 
water vapor) immediately adjacent to the cooled earth’s 
surface and to the objects on it — such as plants, stones, and 
earth — is reduced to the dew-point or somewhat below. 
Thereby dew is formed and deposited on the objects. 

Note. — ^‘Sweating’' Occurs When Water Vapor Condenses on a 
cool surface which has reduced the temperature of the vapor to the 
dew point. Examples are the sweating of cold-water pipes in a warm 

Fig. 323. — Psychrometric chart (Barometric pressure — 29.92 in. mercury column — 
reproduced by permission from the Carrier Engineering Corporation, Newark, N. J.) 
All temperatures are in degrees Fahrenheit. Dry hulb temperatures are represented by 
vertical lines with values indicated on lower edge of chart. Wet hulb temperatures are 
represented by oblique straight lines with values indicated on the lines. Dew point 
temperatures are represented by horizontal lines and their values indicated at the right. 
Percentages of relative humidity are represented by converging curved lines with values 
indicated between the oblique straight lines for 63® and 64® wet hulb temperature. 
Any two of the above properties may he found if the other two are known. First, find the 
point of intersection of the lines representing the given properties, and then follow 
through this point, the lines representing the unknown properties, and the values of the 
latter can be read from their respective scales. 
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lumnici room atu! Iliot. of tho iniuT surfjumH <sf window panos when it ig 
warm and humid insi<k‘ iiml noUl out^idn. Kssontialiy, is a iky} 

formatioiL Sireating mn be prerettted by oauaiui^ a rapid rirculation of air 
about the surface upon sweaiiu)^ teniis t o occur tint nuiiovud of the air 
(and vapor) from tlu' cold stirfacc in t!iua tdTcctcd hidorc its temperature 
has a chance to be cooled to the d<*w point, Hwcathig may also be 
prevented by cov<‘rinK the surface which temis to **Kweat” with a heat- 
insulating (Hoc. 114) luaierinl. d'his heat insnlutor will prevent the 
rapid transfer of luait from the w’urm vapor in the taad surface and thus 
minim i m sweat i ng. 

342. Frost is formed if the i‘ondru>anoii, as tiescribed under 
^^dew,” occurs upon a stirfaco tlu^ huaperat ure of which is 
lower than tiie freezing point of water. Windows become 

frosted” in winter, when the, ouisid(‘ bunptu'ature is con- 
siderably below the fretjzhtg point of watts*. It may be 
prevented just as is swcudang (sta* preetnling lude). 

343. Fog results if the e.uoling <*ftVet of tlie eartlds surface 
(see ^^dew” above) is suOiciiuit to {li‘en*as<‘ to the dewpoint 
the temperature of a ratluu* (hiede sf ratuin of a tmosphere which 
lies adjacent to the eartli. ddu' watm* va|K>r in the atmosphere 
then condenses on tlic dust pai’ticles winch are suspended 
therein and forms a fog. 

344. Clouds result whim, at a consi(l{U‘a]>l(‘ distance above 
the earth's surface, the tcinp(U'a( nn^ oTa. l>ody of water vapor 
in the atmosphere is decrcuiscal to tin* dew |)oint. This may 
occur when a current of warm air pusses info a cold upper 
region: The water vapor condenses around susptaided dust 
particles and forms clouds. 

Note. — Rain is formed (Millikan and Clale) if the cooling is sufficient 
to free a considerable amount of moisturci. Then the dn)ps l>ecome large 
and fall. If this falling rain freezes before it r<‘aches f-lu*. ground, it is 
called sleet If the temperature at winch c<»ndtuiHaiitui begins is below 
freezing, the condensing moisture forms into smueJUikes (Fig, 324). 
When the violent air curronta which aceompatiy tiuuuier-stonns carry 
the^ condensed moisture up and down aevt^ral iimes through alternate 
regions of snow and rain, hailstones arc formed, 

^ 345. Distillation is the process of separating the more vola- 
tile parts of a substance, from those less volatile, by vaporizing 
and subsequently condensing. For a liquid, it is done (Fig. 
325) by first boiling the solution, B, and then condensing the 
resulting vapor in a separate vessel, C. By this means a 
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liquid may be freed from whatever solid substances (which do 
not vaporize at all) it may hold in solution. Or it may be 
freed from those liquid substances which vaporize at different 
temperatures (see fractional distillation, Sec, 346). 



Fiq. 324. — Snow-flake crystals. 



Example. — The water which is fed to a steam boiler usually holds 
mineral substances in solution. The water is vaporized by boiling. It 
is thus freed from the mineral substances. The water, in the form of 
steam, is conveyed from the boiler. The mineral substances, in the form 
of scale (Sec. 174), remain behind. The steam may be condensed in the 
radiators of a heating system. Then, provided there were no gaseous. 
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nor highly volatile liquul, stibsinneos in tht‘ which wjia fed to 

the boiler, pure water will be drained from tlH» radiatorH. Thus the 
process of distillation will be eoinph*ted. 

Note.—When Brine Ou Halt-water is Boileu, dhiu Eesultinq 

Steam Contains No Halt. Hinularly, whh many (dher Htpiid solutions 

the vapor arising from the solution is free from {lie solid substances 
which were dissolved in the Hipiid. 

346. Fractional Distillation is ilu* procasss of separating 
different liquid substiincos whic.h have liilTtuauit boiling 
temperatures, from one iinol.luu'. \Muui both or smau'ul of the 
liquid constituents of asolut.iou ar<» V(>latll(\ { ln‘ va|)ors of both 
or of all will each issiKi from th(‘ solution at ils Boiling hunpera- 
ture. (The boiling temperal-urt^ of a. solution of two or more 
liquids usually lies betweim tlu' higlu^st, aiui ih(‘ lowa^st boiling 
temperatures of any of the eompommt liipiids altliough it 
sometimes lies below that of eitheu* constituent.) But, the 
liquid which has the lower boiling t<unpera{un‘ will supply 
most of the vapor. Ilencii b^y a prolonged dist illaJ ion a,t gradu- 
ally increasing temperatures (liflereud. volatiles liijuids may 
usually be separated from the sanies solut ion. 

Ex;PLANATioisr."-™Tho liipiid whicdi h.n.s thn lower Ixuling point will 
predominate in the ensuing vapor, d'hus, its concentration in the 
remaining liquid will gradually dccrcjist' and the rmnaining liipiid in the 
boiler will gradually assume a higluu boiling point. d'h(‘ first vapor that 
comes off will, when condensed, provide a. solut hm which has a greater 
concentration of the more volatile liipiiil, than had lh(M>rigiiml solution. 
As the boiling point increases, less and less of the more volat ile liquid is 
evaporated and condensed. Finally, a point is n‘ach<‘d wlawc the com- 
position of the condensing vapor (if but t.wo litpiids W(‘r(‘ iiresent in the 
original solution) becomes about th<^ sanu' as that. t»f lh(‘ original solution. 
At this point the distillation is eiUu‘r .stopp(‘<l or the distillate (condensed 
vapor) is led into a different vessel {.han was ustal up to this fjoint. If a 
greater concentration of the more volatile li<pu'<I (than tlui first distilla- 
tion provides) is desired, the first disUIlaie is again .subj<ad.c;d to a second 
distillation. In this way, by succossivo distillations, a product of almost 
any desired concentration may bo offticted. 

E^cample. — Fractional Distillation Of (httmi-; Oil Provides The 
Various Petroleum Products (Fig. 320 ) such as naphtha, benzine, 
gasoline, kerosene, and the lubricating oils. The crude oil is first heated 
to a relatively low temperature which vaporisses the inorcj-volatilo prod- 
ucts.^ These are condensed. The boiling point of the liquid which 
remains in the still gradually rises as these more volatile products are 
driven off as vapors. At a certain temperature, the distillate is piped to 
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■Cona^errser 
Coo/Ingr Wafer 
Overffom-, 


a second receiver. Here the components of the next less volatility are 
collected. As the boiling point reaches a certain second value, the dis- 
tillate is led to a third receiver and so on until all of the “fractions'’ 
have been separated. Each of these products or fractions is still a'mix- 

Fig. 326. — Elementary petroleum still. 

(Crude oil is charged into S, and heated by Wracfionafinq Cal um ny 
coke fire fed at G. The vapor rises through ^ r_A_ 

V into F. In this fractionating column, F, 
the vapors of the liquids of the higher boiling 
temperatures (which unavoidably are 
vaporized and pass over with the liquids of 
the lower boiling temperature) are partially 
condensed. The partially condensed liquids 
are then, in F, intercepted by the baffles and 
thereby caused to flow back into the still 
— instead of passing over into the condenser 
with the more volatile vapors. The vapors 
are condensed in C and flow into 22. The 
various fractions are separated by valves, V i, 

V 2 . etc. according to temperature indicated 
by T, The distillate is run off through pipes 
Z). The hot base — asphalt, etc. — is allowed 
to solidify in barrels at ^.) 

ture but each is composed mainly of compounds all having nearly the 
same boiling point. Some of the products are petroleum ether, gasoline, 
naphtha, benzine, kerosene, and heavier oils. At some stage, the residual 
oil is chilled and then crystallizes partly into flakes (either paraffin or 
asphalt) which, except for the filtration of paraffin, are not further 

treated. Certain crude oils give a 
paraffin residue and others an asphalt 
residue. 
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347. Destruction Distillation 
is distillation of the volatile 
components of solid substances, 
as wood, coal, hone. It results 
from a process of decomposition 
(Sec. 155). The substances are 
decomposed (Fig. 327) in closed 
vessels, by application of heat. 
The volatile ingredients are thus 
vaporized. The vapors resulting 
from different temperatures are 
conveyed to separate vessels 
wherein they are condensed. The non-volatile ingredients 
remain in the heating vessel as a semi-liquid or solid 
residuum. 


yr/rr /v// ry-'.r / >'// / / /r-f-r?'/? 


Fig. 327. — Diagram of elementary 
by-product coke plant. (The gas and 
other products given off by the coking 
operation in O are drawn, by E, through 
C. Tar is removed in T and naphth- 
aline and cyanides in N. Ammonia 
is removed in A after cooling in M and 
the gas goes through P to storage 
holder.) 



312 


P ■>'.{< 'r/r At. UK AT 


[Div. 10 


348. All Gases May Be Liquefied If Subjected To S„ffi 
ciently Low Temperature And High Pressure. If niiv va7 
be compressed until it-s pre.ssure is equal 1„ i(s ^aturatS 
pressure at the. then exisf.mg (.emix-r.ature, the vapor will Z 
eondensed.-that Ls, it will he liquelied. Again, if the tem- 
perature of a vapor ho de<,!ren.s<‘<l until its hanperahire eaual, 
the saturation (emperafure. at the then-.-xisling pressure tt! 

vapor wilt b. li,,„.,n..,l. ,ir ,1,„ 

and the temperuturii d.'ere.a.s.al sinmif a.neoush- until 


■"I 

Cr/Y/'cot/'' BtiOrl 
Temperotfure [ I 


Temperafun's 
In Decrees 
Icfhrenf:islf 


Boih'ngl' 1W : 
Temperature At 
Atmospheric loo ■ 
Pressure 


PreeztnffP o ■ 

Temperature At 
Atmospheric • 
Pressure /a 


tJneier Ait 
Pressures And 
Temper at fures 
h , , 

Cr it tear I 
‘Pre>s$t/r^ 


Ptoft/ Be Btther 
Lu^utof Or 

Is c^rtfxrter Or 2^>s5 
r/um Thoit mcessarii 
7 q Ucfuefij The Ous 
At the Lxistirm 
Ternpertrture, 

(i>ee Temperature 
And Prvwrrie 6 ^utes) 


: Cone/iYihnS 

: my Be A /t a S/nree 

Vmir Pr-esiure Is Very 

Supttme Ptrecfhj fo A &€rseous' 5/^/w} 


<=™dition« for wotor. CA™,.r,li,.K to tl.p tor 
per sq.To abs!!^ tPmporaturo and proaauro for wat.-r ar., 7 .H 1 , l-r. and 3,200 lb, 

consequent liquefaction occuns. d’l,ere i.s, however, a 

which it cannot be 

“I every gas is, at certain 

peratures, a vapor, these same laws hold for all gases. 
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Note. — A Permanent Gas was defined by Faraday as one wMch 
resisted liquefaction. Since he liquefied all known gases except hydrogen, 
nitrogen, oxygen, carbon monoxide and methane, these five were formerly 
called the permanent gases. But since then, all known gases have been 
liquefied. Hence, strictly speaking, there is no such thing as a permanent 
gas. Sometimes the term is loosely and incorrectly used to designate 
gases (such as the five mentioned above) which can only be liquefied 
at extremely low temperatures. 

349. The Critical Temperature Of A Substance is that 
temperature above which it cannot exist as a liquid (Figs. 328 
and 329). There is a certain critical temperature for each ele- 
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¥ig. 329. — Illustrating tli© critical conditions for ammonia. 


ment and compound; see Table 350. Above its critical tem- 
perature, no pressure (regardless of how great it is) will liquefy 
a substance. The pressure of a saturated vapor (Sec. 308) at 
its critical temperature is called its critical pressure. Hence, 
its critical pressure is the lowest pressure at which a substance 
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can exist in the liquid state when it is at its ci'it-ical temperature. 
The critical density of a substance is its dtmsity at its critical 
temperature and critical pi-(‘ssur(\ Tlu^ critical density of 
a substance is the same whether it is in the licfuid or gaseous 
state. 

Nora. — -The Ceitigae TENtPEUATtruK Of A HuiKS'rANt’w may also be 
defined as that toinperaturc above which the .substamas when in its gase- 
ous state, cannot be liquefied by i>re.s.sur(^ aloia^ B(‘low its critical 
temperature the substance can be li(pu‘TuHl by pres.sure only. 

Nora. — Existence of any two of the t.hret^ crit.ical (‘.ondit ions: pressure, 
temperature, and density is contingent on Uu* .siimiltam'ous existence 
the third. 

Examples. — There can be no such thing; as Hcpiid air above its critical 
temperature which is --220® E. (220 deg:n*e.M Indow zm’o). Tiierecanbe 
no such thing as liquid water above tlu^ crithnil (.mnpcjrature of steam 
which is 706° F. (Table 394). 

Example. — If it is desired to changes the state (St^e. 49) of gaseous air 
to liquid air, the first step is to subj(‘et if. to a. pressuix' of about (see 
Table 350) 585 lb. per sq. in. al)S. N(‘xt., while t h<^ air is subjt'ctcd to this 
pressure, it must be cooled to somewhat b(4ow if.s critical teni|)erature of 
—220® F. Then it will be converted into liquid air If its temperature 
exceeds —220° F., no pressure, however gnnit., will li{pu‘fy it. If the 
temperature is less than —220® F., a pressure (a)m‘siKmdingiy less than 
585 lb. per sq. in. abs. will cause liquefieat ion. 

Example. — Consider a quantity of water which is confined in a closed 
vessel. The vessel is heated. Thereby some of t lu^ wat(‘r is vaporized. 
As additional heat is imparted and mor(‘, of the watm' vapoiized, the pres- 
sure within the vessel increases. This increases t he d<msil.y of the vapor. 
But as the temperature rises, the density of the wat.(ir diminislu^s (Sec. 
205). Ultimately a temperature and presstin^ will bt^ reacdied at which 
the density of the steam will be ecpial to that, of tlie wat.er. This tem- 
perature and pressure arc, approximately, 706® F. utnl ^1,200 U>. per sq. 
in. abs. (Marks and Davis’ Steam fi^'AnmCB). Wlum this condition has 
developed, any further addition of heat will changes all the water into 
steam since the water has then no latent heat of vaporization. A slight 
loss in heat will then result in instantaneous condtmHation of a consider- 
able quantity of water. 

Example^ — If approximately equal vobunes trf licjuid carbon dioxide 
and its saturated vapor are sealed (Fig. 330) in a htuivy-walled glass tube, 
it may be easily heated above the critical temperatur(i of ctirbon dioxide 
(88® P.) in warm water. As the temperature of the waiter ai)proaches 
88° F., the meniscus, A, or dividing lino between the li(juid and the vapor 
will give way to a foggy appearance at the point, B, At the instant that 
the critical temperature is passed, the tube will bo full of gas only and 
will appear to be empty. 
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— The Ease With Which The Critical Temperature Of 
A Gas May Be Attained Largely Determines The Facility With 
Which The Gas May Be Liquefied. — The vapors of many substances 
such as: water, alcohol, ether, ammonia, and carbon dioxide may be 



I-Liqulol a-Troinsifion IDl-Gc^s 

Fig. 330. — Showing vaporization of carbon dioxide at critical temperature and pressure. 

readily liquefied since temperatures (Table 350) well below their critical 
temperatures can readily be obtained. But liquefaction of certain gase- 
ous substances such as air, carbon monoxide, and hydrogen is accom- 
plished only with considerable difficulty. The reason is that the critical 
temperatures of these gases are (Table 350) extremely low and therefore 
difficult to obtain. 
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360. Table Showing Critical Temperatures and Pressures 
Of Various Substances. (From iMarks’ Mechanicai 
Engineers’ IIandhook.) 


Substance 

( Viticul 
tempera- 

('rttica! prcs.su rit 

Boiling 
temperature 
of liquid at 

ture, tlcK- 

i hi 

!n 

atmospheric 


b'abr. 

atmuH- 

lb. |)cr 

1 pressure, 



pluU'thS 

sq. ill. 

tieg. Fahr, 


Acetylene (C2II2) . . 

95.0 

I 08.0 

1 ,000 

-117.4 

Air. 

“220.0 

1 ;!<>.() 

573 1 


Alcohol (CaHaO).., 

421.0 

05.0 

950 

172,4 

Ammonia (NHa) . . . 

200.0 

115.0 

I ,091 

- 27.4 

Benzol (CeHa) 

554.0 

, 50.0 


17G.0 

Bromine 

512.0 



142.0 

Carbon dioxide 

8S.2 

i 77 . 0 

1,132 

-110.0 

Carbon monoxide . . 

-222.0 

i 

528 

-310.0 

Carbon disulphide. . 

408.0 

1 78.1, 

1 , 148 

115.0 

Chloroform 

500.0 

’ 54.9 

807 

141.0 

Chlorine 

280.0 

1 92.0 

1,352 

- 27.4 

Ether (C.HioO).... 

281.2 

1 37.0 

5.1 q, 

95.0 

Ethane 

31.0 i 

.15.2 

0ii5 

-135.0 

Ethylene 

50.0 

54 . 0 

; 794 

-157.0 

Helium 

-448,0 

3 . 0 

44.1 

-450.4 

Hydrogen 

-402.0 

20.0 

29-I 

-423,0 

Hydrogen chloride. . 

125.0 

87.0 ! 

1,278 

-112.0 

Hydrogen sulphide . . 

212.0 

94.0 1 

1 ,382 

- 61. 6 

Methane (CH 4 ) 

-115.0 

57.0 

838 

-203.0 

Nitric oxide (NO) . . , 

-137.2 

73.0 

1,073 

-238.0 

Nitrous oxide (N 2O) , 

90.8 

80.0 

.175 

-134.0 

Nitrogen 

-230.0 

35.0 

514 

-321.0 

Oxygen 

-180.4 

50.0 

735 

-297.0 

Pentane 

386.6 

34.0 

500 

96.8 

Sulphur dioxide 

314.0 

80.0 

,175 

14.0 

* Water . 

706.1 

217.8 

,200 

212.0 


^ 1 atmosphere = 14.7 lb. per sq. in. 

I^om Marks and Davis’ Stbam Tabms. 
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QUESTIONS ON DIVISION 10 

1. Define 'oa'porization. Give some examples of its practical applications. 

2. Explain in general terms th.e distinction between a gas and a vapor. 

3. Wliat kind of a vapor is steam? 

4. Name and define tbe three different kinds of vaporization. 

6, Under what temperatnre conditions will evaporation occur? 

6. Explain the molecular theory of evaporation. 

7. State the laws governing evaporation. Explain each law. 

8. What effect does evaporation have on the temperature of the evaporating liquid 
and the adjacent bodies? Explain. Give two commercial applications. 

9. Give some examples of freezing and cooling by evaporation. 

10. What is condensation? Explain. Give a practical application of heating by 
condensation. 

11. What change in volume takes place when a substance vaporizes or condenses? 

12. What is a saturated vapor? Explain saturation theoretically. What happens if a 
saturated vapor is cooled at a given pressure? 

13. What are Dalton’s laws for vapors? Explain an exception to the second law. 

14. What determines the vapor pressure of a given liquid? What effect has the 
presence of another gas on evaporation? On vapor pressure? 

15. What is meant by saturation pressure? 

16. Why do bubbles form when a liquid is heated to its boiling point? Of what are 
they composed? Why do they sometimes disappear before they reach the liquid surface. 

17. Why is ebullition usually more rapid than evaporation? 

18. What is the relation between vapor pressure and boiling point? Illustrate with a 
sketch showing the forces which act upon a bubble. 

19. Why does not a body of liquid all evaporate at once when heat is applied to it at its 
boiling point? 

20. How does difference in pressure affect boiling point? Describe an experiment in 
which boiling point is lowered by a pressure .change. One in which it is raised. 

21. How is the boiling point of a liquid affected by a dissolved solid? By a dissolved 
gas? 

22. Give two examples of sublimation. 

23. What is latent heat of vaporization? Into what two parts may it be divided? 
Explain. 

24. Why is the large latent heat of vaporization of water a disadvantage in steam 
power generation? An advantage in steam heating? 

26. How does increased pressure and temperature affect latent heat of vaporization? 

26. What are the principal constituents of atmospheric air? 

27. Define humidity. In what two ways may the atmospheric humidity be expressed 
numerically ? 

28. What degree of humidity is most suitable for animal life? How may the humidity 
be increased artificially? How decreased? 

29. Explain the principle and use of the psychrometer in determining relative humidity. 
What is the practical use of such determinations? 

30. What is meant by dew point? How is dew formed? 

31. Explain the sweating of cold objects in warm air. How may it be prevented? 
Give 2 ways. 

32. Explain frost, fog, and rain? How is snow formed? 

33. Explain fractional distillation. Destructive distillation. Give a commercial 
application of each. 

34. What is the critical temperature of a substance? What is its critical pressure? 
Critical density? Describe condensation and vaporization at critical temperature and 
pressure 

35. What is the effect of the critical temperature of a gas on the ease with which it 
can be liquefied? 
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PROBLEMS ON DIVISION 10 

1, How much heat must he mhietl f . t Ih. of vntiivt nf h\ ft, ehatiut* ittoateam 
atmospheric preasure? 

2. How much Iieat mtiHt he athlmi to I Ih of iee nt :i’j to eluusge it to steam 
atmosplierus pressure? 

S. What is tile weight of the water vapor in I r nf a temperature of 70°F 

if tho relative humulity is r»r» pm* cent. 7 ’’ 

4. Tho toniperuture of the wet - um.l dry lutlh t hermomefem iu a room are 70® p and 
53® F. respectively* What in the relative humihtty and what weiejif of water vapor'does 
each cubic foot of air eoutaiii? ('ompute frotu the fahJmo 

5 . In an industrial plant, the w<'f‘ ami dry -hulh fetuperatiueH aiv respectively 1)0° P 
and 75® F. on a summer day. Find, hy menjin of the imyrlirometrie elmrt of Pig. 323* 
the relative humidity and the w<njghl of wator vapor in 1 tot If, of the air. 

6. If, in tho plant of Proh. 5, a relativa* humidity td Ht) j er m tiecrr-wary for certain 
processes, find what the wt^t.-lmlh thermometer should he fuude to remi and how much 
moisture mmst he added to each euhie foot of air. 

7- If, in Prob. 0, it is desired to raise the relative hm idsty !*y eetiling (lu* idr, to what 
temperature must it l>o (toohnl? 

8. <<i) What is the state of water at the tempm-ature of sotr P, ami undi-r the pressure 

of 200 lb. per sq. in. abs.? (5) At HOd" F. and 3,5dh lt>, per sq in uhs.? (c) At 1,000 
lb. per. sq. in. abs. and 500® F.? (d) .At 350'* F. and 7."v lli. per nq. in. aim,? 

9. (a) What is the state of ammonia at. 7t)’' F. and Idd Ih, pirn sq. in. aim.? (6) At 
700® F. and 500 lb. per aq. in. aim.? (e) At MO” F. nml hfid Ih. per cq. in. abs.? (d) 
At 0® F. and atrnosphorio prossure? 
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351. A Vapor Is Any Substance In The Gaseous State 
Which Does Not Even Approximately Follow The General 
Gas Daw (Figs, 331 and Temperature 

332). That is, as explained 
in Sec. 225, vapors are 
substances in the gaseous 
state at or 
liquefaction 

The general gas law is ex- 
plained in Sec. 248. The 
reason for this departure 
of the performance of 
vapors from the general 
gas law is that the vapors, 
when heated or cooled, ex- 
perience some disgregation 
work (Sec. 98). The gen- 
eral gas law is based on a 
perfect gas which would experience no disgregation work 
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Fig. 331, — Showing deviation, of relation of 
temperature to pressure of steam, from Charles* 
law. Graph ABC shows the actual behavior 
of — water vapor — steam. (The values are for 
1 lb. of steam confined to a constant volume of 
1.62 cu. ft. If steam were a perfect gas, the 
graph would take the form of the dotted line 
A'B'.) 
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when heated or cooled 
(Sec. 258). But all known 
actual gases do experience 
small amounts of disgrega- 
tion work. Vapors experi- 
ence large amounts of dis- 
gregation work; this is 
very evident at the boiling 
point of a liquid at which 
point the liquid is changed 
to a vapor and a great 
change of volume occurs 
with no change in the 
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pressure which is exerted by the vapor or in its tempera- 
ture. The (ionsequenc*,e is that, for most va,por calculations 
it is infeasible to use formulas. Instead, it is necessary to 
use values which have been det.ermimal by expcM-imcnt and 
listed in tables. The use of these tables will be described later* 
the Steam Table 394 is anexamph^ 

Note. — HiqhijY SmuaHiiBATEi) Vapokk A he ( Iameh, if the super- 
heat is sufficiently great, and they do Uuui a |>prox innately follow the 
perfect gas laws. 

352, Vapors Are Essential To The Operation Of Most 
Refrigerating Plants, Many Power Plants And For Many 
Industrial Processes. — Ilcnc.e, a of ihcdr i>roperties 

and behavior is very imporiant to the Water vapor 

— steam — is used to gcne4-at<^ mor(‘ powt‘r than any other 
substance; see following Sec. 39 L TIu^ va,|)ors, ammonia, 
sulphur dioxide, and carbon dioxi<le are practically the only 
substances used as refrigcn-aiit.s in tiu‘ manufatd.urci of artificial 
ice; see Div. 18. The exa.mpl(*s just atat.cai indicate how 
extensively vapors are used in iiuhist.ry. All l>ehavc similarly 
even though they have dilTcnmt boiling |)oints. Thus, the 
general principles stated in this division arc^ t,ru<‘ for all vapors. 

But the proptn:(ics of only the four 
important vapors, named above, 
will be tr(^at(ul in detail. 

363, Vapors May Occur In Any 

One Of Three Conditions : (1) 

Baiimitcxi vtvpor which may be 
cither wet or dry. (2) B uperheated 
vapor. (3) Bupermturated vapor. 
Each of theses comlitaons will be 
discussed s(‘pa.ni ( <‘ly. 

364. Saturated Vapor Fig. 333 
(see also discuHsion and definition 

Scc. 305 ), vapor at the 
t('.m[)(U’a(,un‘ c.orrospEiHling to the 
boiling point of the liquid at the imposed pre^.ssure. As 
explained in Sec. 315, there is, for each different liquid sub- 
stance, a certain definite boiling point for each pressure. A 
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substance which is in the vaporous form in a confined space 
and which is in contact with some of the same substance which 
is in the liquid state, is always at the same temperature as the 
liquid and is saturated vapor. When heat is added to a 
confined (at constant pressure) body of saturated vapor and to 
the liquid with which it is in contact, more of the liquid 
vaporizes but the temperature of the liquid and vapor remains 
constant. Similarly if heat is extracted, more of the vapor 
will condense but the temperature will also remain constant. 
The temperature will not change until the liquid is all vapor- 
ized or until the vapor is all condensed; see Sec. 322 on latent 
heat of vaporization.’’ If the pressure to which the saturated 
vapor and its liquid are subjected is varied, the temperature 
of both liquid and vapor will always vary correspondingly with 
it — but the temperature of the confined vapor will in every 
case be the same as that of the liquid. 

Note. — For A Given Pressure, The Temperature And Densitt 
Of a Saturated Vapor Are Fixed. — The temperature and density can- 
not be changed without also changing the pressure; see Sec. 305; also 
see Steam Table 394. 


365. Saturated Vapors May Be Either Dry Or Wet . — A dry 
saturated vapor is one that does 
not contain any liquid. It con- 
tains just sufficient heat energy to 
maintain all of the substance in 
the vaporous form; see also Sec. 

305. A wet vapor is one that is 
saturated but it also contains 
liquid particles, (Fig. 334), either 
in the form of mist or as fine drop- 
lets in suspension. It does not 
contain sufficient heat energy to 
maintain all of the substance in the 
vaporous state. 



Fig. 334. — Cross-section of steam 
pipe showing the distribution of 
water in a main carrying wet steam. 


Note. — ^Ip Some Of The Heat Of Dry Saturated Vapor Is 
Absorbed by an outside body, some of the vapor will condense and 
wet vapor will result. 

Note. — In Practice Where The Vapor Is Produced By Boiling, 
It -Is Difficult To Obtain An Absolutely Dry Saturated Vapor, 
21 
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because, if boiling takes place at even a moderate rate t- • 

particles arc always oarrieil upward with tlie rising vn.’or If 
more, when the vapor is transmitted anv consi,!,. ruble dist.,n,./+i 
pipes, ^ it usually loses some heat which causes more vaper to 00 . 17 * 

(Sec. 301) and consecinently pr<Hlu<‘os nu>n‘ lajuid id the vapor 

• /"Pleated Vapor is vapor Mm ((Mriporatiire of which 
IS greater than that of the boiling point ,..„ ,vsp ., 77 
pressure imposed on it. The tomperalnre of a vapor'hav L 
increased above tliat corrospondiiig to Mio imposed prossmp 
by adding heat to the vapor (Fig. aftm- the li,,uid has aU 

_ , .^I'/ppr/jp.yifpvy 

oafifrafec/- /i»acVc’\ 

OTGCtm „ . , 

ny-- fd t )■' " ■ 

(Dr^rr, 


i lili-tv'- 


r, 


2 tjl 


fi'' 3' -.*■ V‘ ! • 1 - .. 




Pio. 335._-EleBoo" supertoator appli,,,. t,. „ .valer-mi... boiler of ti... .lro««lr„,.. type. 

he ^upCThtAittr Omnpnny ) 

teT from con- 

enere-v tb Snporhoatod vapor eon tains more heat 

energy than that required merely to maintain the .sul, stance 

contains tlie additional heat 
the tJm temperature of the vapor above 

heatS corresponding to tlie pressure. The super- 

wi the liquid, for if superheated vapor is brought 
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in contact with the liquid substance, it will give up that 
portion of its additional heat which is required to vaporize 
the liquid, providing it contains that much additional heat. 
If it does not contain sufficient additional heat to vaporize 
all the liquid, it will give up all its additional heat and some 
of the liquid will not be vaporized. 

Note. — While Saturated Vapor Can Have Only One Tempera- 
ture And Density For A Given Pressure, Superheated Vapor Can 
Have Any Temperature Above The Soiling Point And Any Density 
less than that of saturated vapor, for the given pressure. At constant 
pressure the temperature of superheated vapor increases with the heat 
added. 

Note. — The Amount Op Superheat In A Vapor Is Given in terms 
of the difference between its temperature and that of saturated vapor at 
the same pressure. Thus, vapor which has a temperature 50° higher 
than saturated vapor at the same pressure is said to contain ‘^50° of 
superheat.” 

357. Supersaturated Vapor is vapor the temperature of 
which is less and the density of which is greater than that 
corresponding to the pressure imposed on it. This condition is 
obtained when vapor is cooled by its own expansion until it 
contains less heat energy than would the saturated vapor 
under ,the same conditions. This condition cannot always be 
obtained because — after the heat energy of the vapor is 
reduced to that of saturated vapor under the same conditions, 
and then more heat. is abstracted — ^some of the vapor usually 
condenses and the heat in the remaining vapor is the same. 
Under certain special conditions, however, for some reason not 
fully understood, condensation does not take place and the 
vapor changes to the supersaturated condition. This con- 
dition is a very unstable one and the vapor soon resumes the 
saturated condition. 

Note. — This Supersaturated Condition Oe Vapor Is Ordinarily 
Op No Importance In Power Plant Practice except to the turbine 
designer — it occurs only in the expansion in a turbine or other nozzle. 
It is mentioned here only to show that this condition may exist. It will 
not be further discussed. 

358. Vapors, When Used In Engineering Processes, Do 
Not Remain In The Same Condition Throughout The Process; 
That Is, Their “Properties” Change. — ^At certain points in a 



324 


PEA or /PA L ilEA T 


[Brv. 11 


process the substance may be all vapoi% a-t otluu* points it may- 
be all liquid, while at intermediate j,>oint.s it ina.y l)e part liquid 
and part vapor. The pressure on t\\(\ vapor may vary through 
a wide range and also the temj)eratunn With these pressure 
and temperature clumges, the volumes of 1 lb. of the substance 
must also change. The fact tluit the working substance is 
used as a vehicle for eonvtwing heat, nocessit.ates its possessing 
a different quantity of heat a,t difieremi points or conditions. 
These several qualities, volume, 

heat content, and others whi(;h are rcdat^nl to one another are 
spoken of as the properties of the vapor. 

359. The Various Properties Of Each Vapor Are Interrelated. 
That is, they depend upon oiu^ iinothcu*; lumee, if some of 
them are given or observed, the others may be found. It was 
shown in preceding Sec. 354, that for saturated va[)Gr at a given 
pressure, the temperature is always tlie saiuc. Thus, if the 
pressure of saturated vapor is obs(n‘ved, its tvnqxM-al ure can 
be found from a vapor table in which the rt^sulia of ]>rcvious 
experiments are tabulated. Likewise, all tlu^ ot,,her properties 
of a given weight of a certain vapor which ^vill }>e described 
later, such as latent heat of vaporization, c*an l)c found when 
any two properties, such as the pn^ssui-e ami (piality^ for satu- 
rated vapor or the pressure and t(nnp(yra(/Ur<i for superheated 
vapor, are known. However, if it is known that tlie vapor is 
dry and saturated only one other i>rop(‘r|.\: sudi as tlu^ pressure 
need be known, since the knowhalge tluit it is dry constitutes 
the second known property which is 'hiualityd’ 

Note. — ^F on Dry Saturated Vapor, Tub PuBsstritK Need Not Bb 
The Observed Property. — ^Any proi)cjrty may he ohsta^ved one and 
all the other properties may be found from it. ,lu Hiiuun practice the 
pressure is usually observed while in refrigeration |>ractice the. tempera- 
ture is observed. Likewise with wet saturated or suptuditiaied vaj)or any 
two properties may be observed to determine the remainder. But for 
wet saturated vapor, temperature and pressure cannot be counted as 
two properties for one dotorminos the other; hciice, another property 
besides either one of them must be given. 

Note. — ^Pressure Gages, Thermometers, And Vapor Calorim- 
eters are used to determine the properties of the substances at various 
points. Vapor calorimeters (Sec. 392) determine the percentage of 
liquid carried with the vapor. 
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360. By The “Quality’’ Of Saturated Vapor is meant the 
percentage of dry vapor present in the given amount of the 
wet saturated vapor. It is, in this book, usually expressed 
as a decimal but it is often expressed as a percentage. That 
is, if 100 lb. of wet vapor contains 2 lb. of liquid and 98 lb. 
of dry vapor, the quality of the vapor is 98 per cent, or 0.98. 
It is important to know the quality of a vapor in ascertaining 
its heat content per pound (see Sec. 365). “Quality” is also 
used in calculating engine economies. Quality is determined 
by means of vapor or steam calorimeters, as is explained in 
Sec. 392. 

Example. — ^Assume that an engine requires 10,000 lb. of dry steam 
per hour for a given output. It is found that the quality of the steam 
furnished to it is 94 per cent. Neglecting the heat of liquid in the water, 
what weight of wet steam must be furnished? Solution. — The 10,000 
lb. of steam is 94 per cent, of the weight of wet steam necessary. Then: 
the weight of wet steam required = 10,000 -f- 0.94 = 10,630 Xb. 'per hr. 

361. The Properties Of The Vapors Fsed In Practice Are 
Arranged In “Vapor Tables.” — The values found therein 
(Tables 394, 395, 399, 400 and 401) have been determined 
accurately by experiment. They form the basis for many 
vapor calculations. Such tables must be employed because 
the properties of vapors cannot be determined from the 
general gas law (Sec. 248) or other simple formulas. The 
values given in the tables are for dr'y saturated vapors but they 
may be used also for wet-vapor computations. "When they 
are so used, the amount of liquid present in the wet vapor 
must be given consideration. This is necessary because the 
tables give values which apply only to the vapor and not to the 
liquid and vapor together; see Sec. 366. The tables given in 
this division are abstracts of more extensive tables ; but they are 
complete enough for most engineering work except engine, 
turbine, or refrigeration-compressor designing. 

Note. — The Heat-content Values Shown In The Vapor Tables 
Indicate Only The Heats Op 1 Lb. The Vapor Above 32° F. Liquid, 
although the liquid at 32° F. does contain some heat. As explained in 
Sec. 108, some starting point must be chosen because the total heat in a 
body, that above 0° F. abs., cannot be measured. This arbitrarily 
chosen point, the liquid state at 32° F., is a convenient one for most 
vapors. Calculations will not be affected by the temperature which is 
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thus used as this starting point (or datum) alxjve which the total heat 
of the vapor is consklereil, for in engineering only the difference in heat 
content between two coiulitious of the vapor Is desircul a-nd noi the total 
heats. Almost any reasonable temjHiraturc ot.luvr than 32® F. might 
have been chosen as the stamlard starting point; btii F. teas chosen. 
It is convenient and hence is wi<lely used. 

Note.—Theke Ake Two Tables h'ou FIaoh Vapor.— Due table com 
tains the pi'operties of the dry saturated vapor ainl the* other the properties 
of the supeidieatcd vapor. The ta-blc of tin*, proptniic's of superheated 
steam is the only table of superln^nlod va|)ors givtm in this volume. 
The properties of wet vapor can be d<^l,tn'jnint‘d from tins t.ablc of dry 
saturated-vapor properties by the nudhod shown, in Hoc. 3(>f). The 
properties of supersaturated vapors :ire not ta.btda,(.(Hl simui this condition 
of vapor, as stated in See. 357, seldom ocenns in engimun'ing practice. 

362. To Determine The Properties Of A Vapor At Some 
Pressure Between Those Given In Tables 394, 396, 399, and 
400, interpolate as explained below and b.y the following 
example. This method is quite accuraten There are, how- 
eyer, charts of the i)roperties of vapors, as shown in Fig, 343, 
from which these intermediate values (ia,u be niad directly. If 
the charts are large and accurately iuad(\ the valuers obtained 
from them will be more accurate thau those found by inter- 
polation of the values given in the tables However, most 
charts are small and ixot precisely print(‘d, which tends to 
render them inaccurate. Hence charts should not 1)C used for 
exact computations unless they have been f)reviously checked 
with a table of known accuracy. Charts will be further 
discussed in Sec. 382. 

Example. — ^Find the temperature and latent hea,t of 1 lb. of steam at 
154 lb. per sq. in. abs. Solution. — The presKure, 154 lb. i)er sq. in. 
abs., is 0.4 of the range from 150 to 160 in (kduinu 2, Table 394. That 
is, 160 — 150 — 10 and 154 — 150 — 4, and 4 >> 10 = = 0.4. Therefore, 
the temperature at this pressure is aj>proximaUdy 0.4 of the range from 
358.5 to 363-6° F., greater than 358.5° F. I'huH it will bo: 358.5 + 
0.4(363.6 — 358.5) = 360.5° F. Similarly, the laUmt heat of steam at 
154 lb. per sq. in. abs. is: 863.2 - 0.4(863.2 - 858.8) 861.5 BXu. 

363. The Heat Of The Liquid, h (Tables 394, 309, 400 and 
401), as given in tables of vapor properties, is the heat in 
British thermal units required to raise the t(uup(M‘jitaire of 1 lb. 
of the liquid from 32° F. to that temperature at which the 
liquid begins to boil at the given pressure, F, In changing a 



Sec. 364] 


STEAM AND OTHER VAPORS 


327 


liquid to a vapor under constant pressure, the temperature of 
the liquid must first be brought up to its boiling point at the 
given pressure before the liquid can evaporate (Sec. 315). 
The heat required to do this is called the heat of the liquid. 

Note. — ^The Heat Oe The Liquib May Be Fotjni) Approximatelt 
By Multiplying The Specific Heat Op The Liquid By The Tempera- 
ture Rise; see Sec. 92. For water the specific heat is approximately 1. 
Hence the heat of the liquid for water vapor or steam then must be 
approximately equal to the difference in temperature between the tem- 
perature under consideration and 32*’ F. See Table 394, column 5. 

Example. — The heat of 1 lb. of liquid (water) at 261° F., as shown 
by Steam Table 394, is 229.6 B.t.u. The temperature difference between 
261 and 32° F, — 261 — 32 = 229° F. This value is nearly equal to the 
actual heat of liquid in B.t.u. — ^229.6 — as shown by the steam table. 
The correct value is the one given in the steam table. 

Note. — The Heat Of The Liquid Increases With The Pressure. — 
Since the temperature increases with the pressure, the heat of the liquid 
must also increase with the pressure. 

Note. — Vapors Are Often Used Below 32° F. In Refrigeration 
Processes (see Tables 399, 400, and 401). For temperatures below 32° 
F., the heat of the liquid given in the table must be extracted from, instead 
of added to the liquid at 32° F. to bring it to the temperature under con- 
sideration. Hence, the heat of the liquid is given the negative sign in 
the vapor tables when the temperature of the liquid is below 32° F. At 
32° F. the heat of the liquid must be zero. 

364. The Latent Heat Of Vaporization, L, (see Sec. 322 
for definition) is also given in the vapor tables. The value 
of the latent heat of vaporization decreases as the imposed 
pressure increases (see Tables 394, 399, 400, and 491 for 
saturated vapors) until the critical pressure is reached; there 
it becomes zero. The latent heat of vaporization is, as explained 
in Sec. 325, divided into two parts: (1) The external latent 
heat of vaporization — external-work heat — which is equivalent 
to the amount of mechanical work done by the vapor in expan- 
ding from the liquid to the vapor state. (2) The internal 
latent heat of vaporization — disgregation heat — which is the 
increase in internal heat energy accompanying the vaporization; 
see also Sec. 107. The values for these two parts of the latent 
heat of vaporization are also given in the saturated-vapor tables 
in the columns headed L® and L/ respectively. It is a useful 
fact to remember that it requires about 1,000 B.t.u. (see Steam 
Table 394) to vaporize 1 lb. of water at atmospheric pressure- 
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Note. — No Vai^ub For The Latent H eat Of X^apoiuzation Is Given 
In Table 396 Ob The Prorertiks Of Shpehii bated Wa'i'er Vapor. 
— These values can be found from the ta.ble of Uio properties of saturated 
vapors under the latent heats of vap(U*i/.iitiou for the sujue pressure; see 
following example. The latent heat depends on (he prt\ssure and not on 
the amount of supeidicat. 

Note. — Tina Terms “Latent Heat Of The Vapor” and “ Heat Op 
Vaporization" arc sometimos used insHiad of “Latent Heat of 
Vaporization." 

Example. — Find the amount of heat that was nuiuired to vaporize 
10 lb. of steam which is at ICO lb. per K(p in. gage and lias i\, temperature 
of 500® F. SoLUTioN.-^ — From sa(;u rated-steam Talde JJOd, the tempera- 
ture of steam which is at ICO 11). per s<p in. gage pia^ssnre, is found to be 
only 370.8® F, Hence the steam given in this example must bo super- 
heated steam. But this does not a(Te(‘,t the .solution of Uic problem 
because the heat of vaporization of superheakxl .st tuim is the same as that 
for saturated steam at same pressure. In Ha,turat,(ul-.steam Table 394 
on the horizontal line with ICO lb. pier sip in. gage pressure in the L 
(heat-of-vaporization) column ivS the value “362.7." This is the heat in 
B.t.u. required to vaporize 1 11 >. of steam, d’o vaporize 10 lb. of steam: 
10 X 852.7 = S, 527 B .t.u. are required. 

366. The Total Heat Of A Vapor, (Hn Coliimni 4, Tabic 394), 
is the amount of heat which must be siippliiul (,o 1 lb. of the 
liquid which is at 32° F, to convert it, at eonstauit pr<^ssure,into 
vapor at the tempcratxirc and pl•(^ssu^c coiusidered. This 
value is given in both the tables of the proptudies of saturated 
vapors and those of the properties of sup(u-licn,t(Hl vapors. 
The total heat is, for dry saturated vapor, tluj sum of the heat 
of the liquid, h, and the latent heat of vaporizat ion, L; see Sec. 
108. The total heat of any dry saturated vapor increases 
with the pressure. For stiperheated vaiiors, the total heat 
(Table 395) includes not only the heat of tdu!! liquid and the 
latent heat of vaporization but also the additional heat 
required to superheat the vapor. 

Note. — The Total Heat Of A Vapor Depends On How The 
Vapor Is Heated. — The total heat given in the (.ables is for lieating at 
constant pressure. If the liquid is Iieated in some other manner, as at 
constant volume, the total heat added would bo difTeront, 

Example. — Find the amount of beat which ruuHt lie nupidiod to 53 lb. 
of water at 59° F. to convert it into saturated steam at 250.3® F. Do not 
use the Hd values in Column 4 of Table 394. 

Solution.— The heat of liquid at 250.3° F. is 21g.B B.t.u. per lb. At 
59° F. it is 27.08 B.t.u. per lb. The amount of heat tliat must be added 
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to the liquid to raise it to the required temperature is then: 218.8 — 
27.08 = 191.72 B.t.u. per lb. The heat required to vaporize the liquid 
at 250,3 F. is 945.1 B.t.u. per lb. Hence, the total heat required is: 
(945.1 + 191.72) X 53 = 1,136.82 X 53 = 60,250 for 53 lb. Note. 
— This result would be obtained in practice by subtracting the heat of 
liquid, 27.08 B.t.u., from the total heat of steam 1,163.9 giving 1,136.82 
B.t.u. per lb. as before. 

366. The Total Heat Of A Wet Saturated Vapor Cannot Be 
Obtained Directly From The Vapor Tables. — However, it 
can be calculated when the quality is known by the use of the 
following formula, the derivation of which is given below; 

(242) Htf = h + xL (B.t.u. per pound) 

Wherein : Hw = the total heat of wet vapor, in British thermal 
units per pound, h = the heat of liquid at the temperature of 
the wet vapor, in British thermal units per pound, x = thQ 
quality of the wet vapor, expressed decimally; that is, the 
fraction of the mixture that is vaporized. L = the latent 
heat of dry saturated vapor at the pressure of the wet vapor, 

Exaimple. — Find the total heat of 1,100 lb. of wet ammonia vapor 
having a quality of 96 per cent. The temperature of the vapor is 60® F. 

Solution. — From Table 400 for the vapor at 60° F., h = 30.9 B.tu. per 
lb. and L = 522 B.t.u. per lb. By For. (242): the total heat per lb., 
Hw == h + xL = 30.9 + (0.96 X 522) = 30.9 + 501.1 = 532 B.tu. per 
lb. For 1,100 lb.: the total heat = 1,100 X 532 = 585,200 B.t.u. 

Derivation. — Wet vapor (Sec. 355) has liquid particles suspended 
in it. Since the liquid particles contained in the wet vapor are at the 
same temperature as the vapor, the heat of the liquid, h, contained in a 
given weight of wet vapor must be the same as that contained in the 
same weight of dry saturated vapor at the same pressure. But also, the 
vapor portion of wet vapor contains latent heat of vaporization. Now, 
by definition, the weight of dry vapor in 1 lb. of wet vapor is equal to the 
quality, x, of the vapor expressed decimally. Hence, the latent heat in 
1 lb- of wet vapor must equal the latent heat, L, of dry saturated vapor 
times the quality. That is, the latent heat present in 1 lb. of wet vapor — 
xL. Hence the total heat present is: 

(243) Htt = h -!- xL (B.t.u. per lb.) 

which is the same as For. (242). 

367. The Total Heat Of Superheated Vapor Can Be Com- 
puted When No Table Of Superheated-vapor Properties Is At 
Hand. — The temperature and pressure of the vapor must 
both be known.' For steam, find the temperature in Steam 
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Table 394 corivt^piuidiiip: io the |)n^sstirt‘ of vapor. The 
difference betwetai this It^inperul ure and tlu‘ olKst^rved tern- 
peratiire is (S(hj. MaO) culled the iitijnrH of i<i(pi‘rfii:uL Then 
fold, from the grapliof Fiji;, oihb i h<» mean sp<‘cific luait of super- 
heated steam for this pressure! and th^gna^ of superheat 
Now, the total luuit of suptu'heattui vapor is: 

(244) H.s -f OTss (B.t.u. peu* Ih.) 



Fxo. 336- Chart showing luoaii spocifto h<'ut of Muporlu'ittfU Mtcniu f^ir variotis pressures 
and <k*gr<5e« <tf supiTheat. 


Wherein: Hs = the total heat of supca-hoafctl vapor, in British 
thermal units per pound. H/> tlie tthnl htaii, of saturated 
vapor at the same pressure a,s trluii of the stiperheated va|)or, in 
British thermal units per pound. C the nuaui spfHufic heat 
of superheated vapor at the presstire and tIegr(H)8 of superheat 
considered; for steam sec Mg. 339; for otduu' vapmrs sec note 
below; Ts = the degrees of superheat of the vapor, in degrees 
Fahrenheit. 

Ex:ami»le. — A certain volume of steam has a. friup’-ottiuM* of 397“ F. 
and a pressure of 180 lb, per sq, in. abs., what is the total heat per pound? 
Solution. The temperature corresponding in Stc«im Table 394, to 
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180 lb. per sq. in. abs. is 373.1° F. There are, therefore: 397 — 373.1 = 
23.9° F. of superheat. The mean specific heat of superheated steam under 
these conditions is {A, Fig. 336) 0.64. Hence, by For. (244), the total 
heat of superheated steam: = H^) + CTs = 1,196.4 -f (0.64 X 

23.9) = 1,211.3 B.t.u. per lb. 

Note. — The Mean Specieig Heats Op Superheated Ammonia, 
Carbon Dioxide, And Sulphur Dioxide, throughout the ordinary 
working ranges, may be taken as: ammonia, 0.52; carbon dioxide, 0.21; 
sulphur dioxide, 0.15. These are specific heats at constant pressure, 
Sec. 267. 

368. The Specific Volumes Of Vapors (the volumes of 1 lb.) 
are given in the vapor tables for dry saturated vapors and for 
superheated steam. The specific volumes of superheated 
ammonia, carbon dioxide, and sulphur dioxide may be found 
with reasonable accuracy by applying the general gas law and 
the constants given in Div. 8. The specific volumes of wet 
vapors may be computed, with reasonable accuracy, by For. 
(245) below. If extreme accuracy is desired For. (246) may 
be used. 

(245) Vw = xFi) (cu. ft. per lb.) 

Wherein : Yw — the specific volume of the wet vapor, in cubic 
feet per pound, x = the quality of the vapor, expressed 
decimally. Fd = the specific volume of dry saturated vapor 
of the same pressure, in cubic feet per pound ; Y d can be found 
from the vapor tables. 

Derivation. — Since 1 lb. of the wet vapor contains x lb. of dry satu- 
rated vapor and (1 — x) lb. of liquid at the boiling temperature, the 
specific volume of the wet vapor must be the sum of the volumes occupied 
by X lb. of dry saturated vapor and (1 — x) lb. of liquid. If Vl is the 
specific volume of the liquid at the boiling temperature, then the volume 
of (1 — x) lb. of liquid will be (1 — x) X Vl cu. ft. Also, the volume 
of X lb. of dry saturated vapor will be x X Vd cu. ft. Hence, the specific 
volume of the wet vapor, 

(246) Vw = (I - x)Fi, + xFd (cu. ft.) 

But, the specific volume of the hquid is ordinarily very small as compared 
with that of the dry saturated vapor. Hence, except for very wet vapor 
(x very small), only a negligible error is introduced by disregarding the 
term of For. (246) which expresses the volume of the liquid. When this 
term is disregarded. For. (245) results. 

Example. — What is the specific volume of steam of 80 per cent, 
quality at 125 lb. per sq. in. abs.? Solution. — From steam Table 394, 
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at 125 lb. per sq. in. abs., Fn = 3.583 cu, ft. per Ib. Hence, by For. 
(245), the specific volume of the tcct steam — I br ~ xFd ~ 0.80 X 
3.583 = 2.866 cu. ft per lb. 

Note.— T o Find Tim Quality Op Wkt Steam When Its Specii'ic 
Volume And Its Peessuke Ok Tempi-jkatohe Aue Known, the follow- 
ing formula— a transposed form of For. (215) may lx* uxiai 

(247) X - (decimal) 

Example. — If 2 lb. of steam at 2HH h. art' contained in an engine 
cylinder whose volume is 12 cu. ft., what is tin; (juality of the steam? 
Solution. — T he S'pecific i^olwma 12 :• 2 ■ 6 cu. ft. per lb. At 

281® F., by Table 394, the specilic volunui of <lry Hat urahal steam is 
8.51 cu. ft. per lb. Hence, the steam in the eylimhn- is irci. Then, by 
For. (247), the quality ~ x = Vw/Vd “ 6 8.51 =-- 0.705 or 70.5 

per cent. 

369. The ‘‘Internal HeaP^ or “Internal Energy” Of A Vapor 
(see Sec. 107, for definition) can r(m,(ii]y Ih^ computed. As 
explained in Sec. 103, nearly all of tlie h<\*tt of the liquid (h 
in the vapor tables) reprevsents vibriition hc\’it and is therefore 
internal heat. Likewise, during vaporization, a. grtait portion 
of the latent heat of vaporization is stonal as int.mmal energy 
(in Table 394 the latent heat is dividial into internal and 
external heats). For any liipiid, va|)or, or mixture of liquid 
and vapor, the internal energy iku* pound (measured above 
that of the liquid at 32° F.) may lie found from the tables by 
the formula: 

(248) I - H - 0.185,2/>F (B.tai. per lb.) 

Wherein: I = the internal energy of the Ucpiitl or vapor, in 
British thermal units per pound. H — thci luNit coniciiit (Sec, 
365) of the liquid or vapor, in British tluunnal units per pound. 
P = the pressure of the vapor, or tlie pnxssure at which the 
liquid will boil at its temperature, in pounds iier scjutirc inch 
absolute. , V — the specific volume of tlici liipuid or vapor, in 
cubic feet per pound. 

Dbeivation. — F ormula (248) in the direct result of transposition and 
simplification of the formula which is used l)y tho eompilers of the vapor 
tables as the definition of heat content, namely : 

XT T . 1447^F 

(249) H = I + - 

Example. — What is the internal energy of 1 Ih. of dry saturated 
water vapor at 366® F. ? Solution. — By Table 394, for the given condi- 
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tion: H = 1,195.0 B.t.u. per lb.; P ~ 165 lb. per sq. in. abs,; V = 
2.753 cu. ft. per lb. Hence, by For. (248), the internal energy = I = 
H - 0-185, 2Py = 1,195.0 -- (0.185,2 X 165 X 2.753) = 1,110.8 B.t.u, 
per lb. 

Example. — What is the internal energy of 1 lb. of steam at 200 lb. 
per sq. in. abs. and superheated by 150° F.? Solution. — By Table 395, 
for the given conditions, H = 1,282.6 B.t.u. per lb., and V = 2.86 cu. ft. 
per lb. Hence, by For. (248), the internal energy = I = H — 0.185,2 
PV = 1,282.6 - (0.185,2 X 200 X 2.86) = 1,176.6 B.t.u. per lb. 

Example. — 'What is the internal energy of 1 lb. of steam whose quality 
is 0,75 and whose temperature is 312° F.? Solution. — By Table 394, 
at 312° F.: h = 282 B.t.u. per lb. L = 900.3 B.t.u. per lb. Vd = 
5.47 cu. ft. per lb. P = 80 lb. per sq. in. abs. Hence, by For. (242) : 
the total Jieat = Hw = h + xL = 282 + (0.75 X 900.3) = 957.2 B.t.u. 
per lb. Now by For. (245), the specific volume = Vw = xFn = 0.75 X 
5.47 = 4,10 cu. ft. per lb. Hence, by For. (248), the internal energy = 
I = H - 0.185,2 Py = 957.2 - (0.185,2 X 80 X 4.10) = 896.4 B.t.u. 
per lb. 

370. Heat Energy Transfer May Be Expressed As The 
Product Of “Entropy” And “Absolute Temperature.” — 
Every kind of energy or work may, as is explained below, be 
expressed as the product of two factors. Now, early in the 
study of heat phenomena it became evident to the investigator 
Clausius that it would be desirable to similarly express heat 
energy as the product of two factors. One of the factors he 
decided should be absolute temperature. The other factor, 
which he proposed — and which when multiplied by average 
absolute temperature would give heat energy — he named 
entropy. It might quite as well have been christened with 
any other distinctive name. Entropy will now be explained. 

Example. — Illustrating How All Energy Change Is The Product Of 
Two Factors. In representing energy by the area of a graph, one of these 
factors is represented by vertical distances and the other by horizontal 
distances. Thus, for example (Fig. 337): 

(250) Mechanical Energy Change == (Distance Change) X (Average 

Force) 

That is (Fig. 337), if it requires a force of 20 lb. to pull a weight, IF, 
along a horizontal surface and the weight is pulled a distance of 40 ft. 
then: the energy expenditure — 20 X 40 = 800 ft.-lb.; this 800 ft.-lb. of 
energy is represented by the area of ABCD shown in Fig. 337-11. Also: 

(251) Mechanical Energy Change = (Volume Change) X (Average 

Pressure) 
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That ia, if the expandiiiiic att‘ani in tin* t'jigim* ryliiMl<*r, C, of Fig. 333 
moves the engine pistini^ P, through n volume of LS eis. ft. and the mean 
effective pressure froin P to K {.ns dot ermirted a, stmim-engine 



Fig. 337. — Showing how tlu’s pr<><l\u*t. <,>f two fiu'(<ir:t "fiutM-” jukI “di.stanco” equals 
“mochanical energy” ami lu)\v t.h4‘y ma.v he <>mi»h».Vfd in r«a‘teu«»nting mee.haiucal energy 
as an area. 

indicator) is 10,282 lb, jxu' s(j. ft., thiui the nieeh.nni<‘al enc‘,rg.y expended 
by the steam (Sec. 99) will Ixt: Krtrrmtl irork /;re,s\Hfn*e X vJiange in 
volume = 10,282 X l.S = 18,507 fL-lb. ('Flu* work tion{‘, if any, in 
pushing the exhaust steam out of right- tnnl of th«^ eyruuler, L, is here 
disregarded.) This energy exp<nKUl.ur(‘ 18,507 ft.-Ih. is represented 



Pig. 338. — Showing how tho prodxmt of two faotiXH 'haf^Hviro” ami “volume” 
equals “mechanical energy” and how they may he cmplo,v<Hl in n'prtwmtitxg ineehanioal 
energy as an area. 


by the shaded area ABED within the diagram of Fig. 898-//. This is 
similar to any steam-engine indicator diagram for ^2 h revolution. Also, 
in similar manner, it can be demonstrated that : 

(252) Hydraulic Energy Change »» {W&igld of IFafer Change) X 

{Average Height) 
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And also: 

(253) Electrical Energy Change — {Quantity of Electricity Change) X 

Average Voltage) 

And, it can also be sliown tliat for both, of these forms of energy — Fors. 
(252) and (253) above — ^that the product of the two factors may be 
represented by an area. Now heat is also a form of energy and, likewise, 
any change in it is the product of two factors and may he represented hy an 
area. As above stated, one of these factors is average absolute tern- 
perature; the other is called entropy. 

Thus: 

(254) Heat energy change = {Entropy change) X {Average Ahs. Temp.) 

The following example (Fig. 339) illustrates the application of the 
above equation. Example. — In Fig. 3S9-T the 1 lb. of water, L, is at 



Fig. 339. — Showing how the product of two factors “absolute temperature” and 
“entropy” equals “heat energy” and how they may be employed in representing heat 
energy as an area- 

212° F. (672° F. abs.). Now, heat is added until all of this water is 
vaporized into 1 lb, of steam V, at 212° F. (672° F. abs.) and atmospheric 
pressure. Compute, using entropy and absolute-temperature values, 
the heat energy which has been added as heat to the water, L, to thus 
vaporize it into steam, V, and also represent as an area on a graph this 
added heat energy. Solution. — Now from Steam Table 394, hori- 
zontally opposite ^‘212° F.,” it is found that the entropy of 1 lb. of the 
liquid — ^water — is 0.311,8; also it is found that the entropy of 1 lb. of the 
vapor, V (steam) at 212° F. is 1.756,5. The temperature does not change 
while a liquid is being vaporized (Sec. 322); hence: The average absolute 
temperature = 212 + 460 = 672° F. ahs. Therefore, to produce this 
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vaporiiaation : The heat envrgt/ trum/vr ^ {Knimpy change) X (Au. 063 
temp.) = (1.756,5 — O.HlljK) X 072 1.444,7 X 672 070.8 B.tu 

This heat energy transfer i.s shewn graphiitally in h'ig. 8 ;hh// ia 
the shaded area A BCD is (‘quivulenfc to tin* luait tatergy which was 
transferred. 

The discrepancy between this value “OTO.H” and tliat given in Steam 
Table 394 of “970.4” is due to the u.sunl a.s.suin pt ion which w^as made 

in this example, that absolute zau'o is at 160*’ 1 *\; actually it is at 

—459.6® F. instead of as givt'u in the (*xaniple. 

This (Tig. 339) illustrates the .simplest form of arc-entropy 

problem— but the general |)rincipi(‘ whitdi it disclostss holds for all 
tenipeiaiture-entropy problems. 'riu‘ (‘xample <)f Kig. 339 is simple 
because the temperature AB r<‘mains constant during the heat transfer. 
Except during changes of state (Tig. 339 ft>r (‘xamphO and during iso- 
thermal expansions, the temperatairt* does change while lumt energy is 
being trairsferred, as hetit. Wtum th<*. ttnuperutun* changes during 
heat transfer, the line on the corr<\spt)nding t<*mpt*ra turn-entropy graph, 
which corresponds to the lino AB Tig. 339, is not gcuu^nUly straight but 
becomes a curve. This is furtlua* exi)lained lu‘reinnft(u*. 

371. A Good General Definition of Entropy Change is 

heat-energy transfer to or from a suhstnnae, per dvtjree of average 
absolute temperature. By '' hcat-(‘ii(U‘gy tnuisfer^' is here 
meant energy which is tninsf(UT<Ml, as hcat^ from the substance 
to some external object, energy which is iran.shuTed, as heat, 
from some external source to the substa.nce, or hc^at which is 
transferred within the substance itself due*, to frictmi of the 
substance. As is explained in the following note, entropy 
does not recognize heat energy which is due to external work. 
Also, the ‘‘average absolute l.(uj)p(u*n.tun‘,^^ as will be shown, 
must be determined in accordance with cer<,ain rules; it is 
the average of all of the absolute temperatures to which the 
substance has been subjected. It is 7iot merely tlic nican of the 
initial and the final temperatures. 

Note. — Entboi^y Is A Profeiity Of Hubstanceb And Dobs Not 
Change When Internal Energy Is Transformed Into External 
Work. — If the substance at some definito condition is assumed as a 
starting point, it can be proved that, in piissing to a gecontd condition 
during a condition change, the ontroyiy change will have a certain value, 
regardless of how the change was effected. This would not be true of 
the work done or heat added during the change- Since entropy change 
is dependent only on the initial and final conditions of the substance, it 
follows that entropy is a property of the substance. 
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Now, when internal energy is transformed into external mechanical 
work during a frictionless adiabatic (or isentropic, Sec. 385) condition 
change (no heat being interchanged between the substance and external 
objects, and no heat being generated by friction of the substance), there is 
no entropy change because there is no heat transfer. But, since internal 
energy is transformed into external work, the total heat (Sec. 108) of the 
substance must be reduced. Bence, entropy does not recognize heat 
energy which is due to external work. 

372. Entropy Is Imperceptible To The Senses; its effects 
cannot be measured with instruments. Entropy values can 
be determined only by computation. The values of all other 
thermal properties of substances, such for example as tem- 
perature and pressure, can be measured with instruments. 
For these reasons, the significance of entropy may be difficult 
to understand. But if an entropy value is thought of merely 
as a previously determined multiplier, factor, or coefficient, 
which varies with the thermal condition of a substance, then 
the entropy idea should give no trouble. It is really not 
necessary — but it is desirable — to understand what entropy 
is, in order to use entropy values. In practice, values for 
entropy changes are usually taken from vapor-property 
tables (which practically always give entropy values for 1 lb. 
of the substance) ; for examples see Tables 394 and 395. 

I^OTE. — Any Substance Which Contains Heat Wile Have 
Entropy. — However, it is a fact that the entropy idea is employed most 
frequently in connection with discussions of the thermal performance of 
gases and vapors — ^for which reason the treatment of entropy for the 
present book is included in this division. Another reason for the intro- 
duction of this treatment here is that it is desirable to understand 
‘^entropy'’ before using the entropy values which are given in the follow- 
ing tables of vapor properties. 

373. The Principal Uses Of Entropy are: (1) It renders 
possible the representation as an area on a graph, the heat 
energy which is transferred, as heat, to or from a substance. The 
diagrams (see Fig. S39-III and following similar illustrations) 
which represent heat as an area are called temperature-entropy 
diagrams. These diagrams are useful in picturing the heat- 
energy transfers and cycles (see Div. 12) which occur in an 
engine or during any desired vapor or gas process; they provide 
a graphic presentation of the ideas which are involved and 

22 
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relieve tlie luiiid of t-lu' nvtn^ssity liolding*, er of endeavoring 
to follow, a inulfiitiiie of siniultarieous eonn‘|)tions. Tern- 
penitiuxventropy liiugraius are <trtiinarily of little or no use 
to the pra-ettcal op<a*ating engiiuMan [2] It rvndvn possible 
the f lotting of hoot-vninypi/ rlnuis 24'A) and temperature-’ 
entropi/ charts. From these <‘harfs tla^ valu(\s of the various 
properties of the vap<5r, as the values change during friction- 
less adiabatic (isted li^pii*) exprinsion;-, (Htna 385) may be 
read directly, Tluxse cha.ngiss in [>r4.[>ci1it‘r- cotiUI not be plot- 
ted in tins way on charts without 4‘nip]oyiiig entropy— 
and they could not be detenniiHsI ta\(H‘pt from th(‘ charts or by 
employing entropy without many comphcatiai calculations. 

374. The Absolute Entropy Of A Substance at. any condition 
would bo the total Jumt (uau’gy t-ranshu-red (o it, as heat, per 
degree of average al)soIuto t('mp(‘rat un* to I>ring it to that con- 
dition. This “degree', of a,v(U’:ig(' absoiuti' tcauperature’' 
would be the average of all of th(‘ ai>solut{‘ tcupx'rat/urcs which 
the substance expeihau^cd from tlu' conditiori of zero heat 
content up to t]i(vtemp<‘ra.i.m-c of tin' statcal condition. But it 
is impossible to determine tiie absolute t'ui I’opy of a substance 

— in fact, it is always iidinitc b(‘caus(‘ nothing definite is 

known concerning the total Inait contents of su})stances, or 
of their specific heats at very low t<miperatun‘s. However, 
this does not affect the usefuimvss of (mtropy- In practice 
it is, as will be shown, changes vn cnlropg at the itunperature of 
practice that are always of iut.er('sf., ra t Inn* than absolute 
entropy. Only changes of entropy (niter into Innat transfers. 

Note. — The Zero Of ENTiiory, In Deacino W’rrn Vai'ors, is 
arbitrarily taken as tho absoliilti entropy— what evt'r it may ho- 
of the liquid substance at 32® F. Tlmt jb, tho (*.han(i:(^ that the entropy 
of a vaporous substance undergoes during any prtnnwB wlnnvin its condi- 
tion is changed from the liquid state at 32® F., is said to Ih‘. its entropy at 
the end of the process (at its final condition). Tim liiiuid ntate at 32® F,, 
since it has been taken as tlio starting point or arbitrary zero of heat con- 
tent (Sec. 108), is also for this reason a very convenient starting point 
for the measurement of entropy. Tlnderstand that this 32® F. is, for 
entropy, also an arbitrary or selected starting point. 

Note. — “Absolute Entropy'' Should Not Be Confused With 
“Total Entropy:" — Total entropy (symbol ni> or n®), as given in the 
vapor-property tables, is generally understood to mean the sum of the 
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entropy per pound of the liquid, n^; the entropy per pound of vaporization, 
nrj entropy per pound of superheat, if any — all measured 

from the arbitrary zero as stated above. Two or all three of these entropy 
values are usually given in tables of vapor properties; see Table 394 for 
example. 

375. The “Change In Entropy’^ Of A Substance, between two 
thermal conditions, is the heat energy transferred to the substance, 
as heat, per degree of average absolute temperature between the 
two conditions. Or, in other words: The change in entropy 
between two thermal conditions is a value such than when it is 
multiplied by the proper average of all of the absolute tempera- 
tures which the substance experienced during the heat transfer 
between the two conditions, it will give as a product the total 
heat energy added to or abstracted from the substance — as 
heat — during the transfer. See also the notes and explana- 
tions below. 

376. The General Formulas For Entropy Change during a 
heat transfer (their derivation follows from the definitions 
given in Sec. 375) are : 

(255) Q = (B.t.u. per lb.) 

i- 

n = (B.t.u. per lb. per avg. abs. ° F.) 

Ta = — (average abs. ° F.) 

Wherein: Q = heat-energy change, as heat, per pound of the 
substance during the heat transfer. Ta = average absolute 
temperature, during the heat transfer; that is; the average of 
all of the absolute temperatures to which the substance has 
been subjected during the transfer, n = change in entropy 
during the heat transfer. Note that Q may be expressed in 
any heat-energy unit and that Ta may be expressed in any 
absolute-temperature unit, then the entropy change, n, will 
be in terms of the quotient of these two units. But when Q 
is in British thermal units per pound and Ta is in average 
absolute degrees Fahrenheit, then n will be in British thermal 


or 

(256) 
and 

(257) 
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units pcu* poiniil por twvvtip^e al>Holup‘ Knlirtnilir^it degree as 
indicated alter each of the above t-qia.l e,*!.-. 

Note.— Entropt Hi-:e(,HJNay:ns ( )ney ICxeiaa- Wiiun Ik Added Or 
Abstracted As Heat— been use of i he defntif ion of (‘utropy. It docs not 
recognize energy wldeli is luhli'd to a suhstanee i»y meehniueal work being 
done on (he substaneo, in spite of th<‘ fact that suthi laiergy may ulth 
matcly l)c converit'd t,o heal within the substaiieta Nor does entropy 
recogidze ouerg^y whieli is lost from a sid)stanet‘ by virtue of the doing of 
mecdm, ideal work liy ilu^ substaueta d’hus, durnitj iht'Jririianhasadia- 
NrAc isentropie, See., itSo, or ciun (See., d.SS)o/ampor 

or a gaa there Ls 'no change of entropg of Mk^ vapor or gas. If mechanical 
work is done in eoinpnv'^sing a gas, adiabatnmiiy am! without, friction 
the temperature of the gas will be inereastHl thm-eby but th(^ entropy of 
the vapor or gms will not be. (diangial during tli<‘ proee.^s, In'eanse no heat 
energy is added as heat. Similarly, whiai .a vapor or gas expands adia- 
batieally and without friction it will do meehanieal \vt>rk but tlHTcwillbe 
no change in entropy lieeause in t he process no tmergy Iuih been lost as 
heat. (It is apparent then that enintpif rtrthjni^f H onlg vihrafion heat, 
Sec. 97, cmd disgregation liead, See. 9S; it doivs not natogiiize e.xternal- 
worlc heat.) 

377. How The Value Of The Change In Entropy For A Heat 
Transfer May Be Determined will now hv (^xplaiiuxi in con- 
nection with Fig- 340. Fntropy-e.hange valu(\s seldom, if 
ever, have to be thus e.ompnt.mi in pnictita^ hi'causc^ they are 
given in the vapor tabh's. Th<^ following approximate method 
is presented only to insxire that tin* naidm* may have a better 
conception of the cnti'opy idmu It is not givtm as a method 
to be followed in practice. 

Explanation. — For siinplieity consider I lb. of a substance which is 
assumed to have a specific heat of “ I.” AHSimio that it is heated from 
F. (402° F. abs.) to 352° F, (<SI2° F. al>H.). Assume ihai. ihe state ofthe 
substance does not change. It will he nhown (Mg. 310) how the entropy 
of this substance increases as the lieat energy is athled to it, as licat, in 
10 B.t.u. increments. The first 10 H.t.u. of luait wbieh is added will, 
since the specific heat is raise its temperature by 10“ or from 492 ° F. 
to 502° F. abs. as indicated at .Mg. 240. Now, Iiy hor. (250): n =* 
Q/T^. The heat energy atldod, Q, is 10 Jht.u. During this addition, 
the average absolute temperature may, since the incjreast*. in toinperature 
for each increment is small, bo taken as (mitial iempernhm + jinal 
temperature), for each increment. Hence: « (492 + 502) 2 « 

497° F. ahs. Therefore, n « 10 497 « 0.020,1 Bd,u. per lb. per avg. 

° F. ahs. Now the distance AC is made to scale equal to 0.020,1. The 
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area, 1, (Fig. 340) will then be equivalent to the 10 B.t.u. of heat which 
was added — because: 0.020,1 X 497 = 10 B.t.u. 

Similarly, the next heat-energy addition of 10 B.t.u., which will raise 
the temperature of the substance from 502 to 512° F. abs., will be repre- 
sented in Fig. 340 by the area 2. Thus: n = Q/T^ = 10 “ [(502. -f- 
512.) 2] = 10 507 = 0.019,7 B.t.u. per lb. per avg. ° F. abs. There- 

fore, area 2 is layed out 0.019,7 entropy units wide. 

In like manner, the change in entropy due to each successive 10- 
B.t.u. heat-energy increment can be found and plotted on the graph. 





Fig. 340. — Illustrating the method of computing entropy. 

Now note that while the areas of each of the strips 1, 2, 3 . . . 31, 32 
are equal, and that each is equivalent to a heat addition of 10 B.t.u., the 
widths of the strips decrease toward the right. It is obvious that this 
decrease is necessary because, since the heights (temperatures) of the 
strips increase as heat is added, the widths of the strips must decrease 
if their areas are to be all equal. The total entropy change for this 
total heat addition of 10 X 32 = 320 B.t.u. is 0.5 B.t.u. per avg-° F. 
abs., as shown by the distance AB. 

It should be understood that the method above described is an approxi- 
mate one. Its degree of accuracy is determined by the smallness of the 
heat increments — ^the smaller the increments the more accurate the 
result. By applying the calculus the heat increments may be made 
infinitely small, whereby the entropy change can be determined with 
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absohitc nccunicy. Tim Htaull inror w hMi frtnu llic application of 

tlie method of Fii?. d-U) in «lue tt» i\n^. n?^>uiiipUi»u timt tht* »hort line con- 
ncclmg m\y two ieuiporuttire inrnMmnit |unnt,s <»u the curve I)E,hs> 
straight line- whert^ns actunlly it is a curve. 

Note.— -ChuvNta'J Ik hlxTuonv Fou Fit vxui: Of Si'a'ce is exactly equal 
to the heat trausler divided hy tlu* nhatdut^^ fciupcrnt ure at which the 
change of state occurs. Thi.s folh)UH .sinci^ the ttauptwaturo always 
rcniains constant (t^ec. 1U»'^ during a cliange c»f stattn undta* which condi- 
tion the ^‘average tennperature” niusi etjual tht* constant, temperature 
which obtains during the ehange. dltat is, hn* a ehange of state: 

(258) Fhi.u. per lb. ptu- “F. ab 

378. Temperature -entropy Diagrams Show Heat Energy 
As An Area.- Iii {(unpomt u.-o (udropy tliagram for steam 
shown in Fig. 341, all of the h<aat-oii<‘rgy IratLshu's required 



Fio. 341, — Tomperaturo (sutropy tliaKnua Hlunviaju£ the lu‘at rn«*rKy whioh must be 
added to change 1 lb. of ice into 1 Ih. of HUj>(*rlHuii<Hl litcani, tnunprining: (1) Heating the 
solid. (2) Molting the solid. (3) H eating the IhjiwhL (1) Vaporidug ilie liquid. (5) 
Heating the vapor, called “superheating.'' 

to change 1 lb. of ice from near abst>luie ysvm (—400® F.) ihto 
steam at a constant pressuro of 3()() lb. per Btp in. abs. and then 
into superheated steam at 1,278® F. abs. are sliown. The 
plotted values are taken from Stoaiu Tablets 394 and 396. 

Explanation.-— At absolute zero the ice would contain no heat. 
If heat is transferred to the ice its temperature mcrewes, the relation 
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being shown by the path OA. The area, 1, under this path, OA, repre- 
sents the amount of heat-energy transfer required to heat the solid ice to 
the temperature at A. When A is reached, which is at 32° F. (492° F. 
abs.) any further addition of heat does not increase the temperature of 
the ice but causes it to melt ^to change state. This melting continues 
until all of the ice is melted and the point, B, is reached. The area, 2, 
under AB, represents the amount of heat transfenrequired to melt the ice. 

The addition of more heat causes the temperature of the substance — 
now water ^to rise again at such a rate that the area under any portion 
of BC, as B'BTT'j represents the heat energy added during the change 
in temperature from 32° F, to the temperature T. The area, 3, under BC 
represents the heat-energy addition which was necessary to raise the 
temperature of the water from 32° F. to 418° F., or 878° F. abs. — ^^v'hich 
temperature is that of steam at a pressure of 300 lb. per sq. in. abs. This 
area 3, therefore, represents the heat of the liquid for steam at the pres- 
sure 300 lb. per sq. in. abs. After the temperature C is reached, which is 
the boiling temperature of the w-ater for the 300 lb. per sq. in. pressure 
exerted upon it, any further addition of heat does not increase the 
temperature but again changes the state; it vaporizes the water into 
steam. Point D is reached when all of the water has vaporized. The 
area, 4, under CD represents the heat-energy addition necessary to 
vaporize the water — ^latent heat of vaporization. Now, as more heat is 
added to the steam (which is under constant pressure), its temperature 
increases following the curve, DE. The area, 5, under DE, represents 
the heat-energy addition required to superheat the steam at a pressure 
of 300 lb. per sq. in. to the temperature E which is 1,278° F. abs. If more 
heat energy is added to the steam, the curve DE will continue to rise until 
the steam begins to dissociate into its component elements, hydrogen 
and oxygen. 

379. In Engineering, Only A Portion Of The Complete 
Temperature-entropy Diagram Is Used, as shown in Fig. 
342. Since in engineering we are not concerned with vapors 
in the solid state only a part of the complete temperature- 
entropy diagram, which is shown in Fig. 341, is necessary 
to represent the heat transfers of vapor practice. The part 
which is most frequently used is that to the right of in 
Fig. 341 or that shown in Fig. 342, that is only that part which 
concerns temperatures above the melting point. 

Explanation. — In both illustrations, (Figs. 341 and 342) the 
same path is shown: BCDE. The area BCDEEB^ under this path 
represents the total heat energy required to change water at 32° F. to 
highly superheated steam (under a constant pressure of 300 lb. per 
sq. in. in abs.). This area represents the total heat as given in Steam 
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Table 395. The line BUJL (Fiji;. 312) n^pn^Ktnits [.he temperature- 
entrop^r ])iith lanler a <liner(>nt pn^sniire, 5{^ Ih. pt‘r ,s(|. in. abs. When 
more than one heating |)roee.s.s is n^presimtcal on [hi‘ h‘ni|>eniUire-entropy 
plane, the resulting tigure is callctl a vhari, Hiieh paths as BllJL and 

H(*I>F tmi c.alhHl vondmit-pres-. 
nurv ^ ^ h'he cliart shows 
that, for tlifferent pressures, t/ie 
halt oj ihv liijuiil, the latent heat 
of vtiporimtion, and the heat 
required to euperhmt, all are 
(lilhu’ent. 

Tnn CtntvEp Line 

1>M Ih (h\nia;i) The "‘Dry 
.Stham Line” (Fip;. 342). 
conneetH all points in the 
varitni.s constant pressure lines 
which rt • pre.se nt dry steam at 
th(? varioiis temp(vratures (pres- 
.sur(‘sn The water lino, BC, 
and DM would intersect at the 
<u*itieal temperature, if they 
were; <‘\[(*ml(Hl nj>ward. It 
should he remeinhcrcd that 
this line DM is used for 
<‘onvenit*m‘(^ [o connect dry- 
satiirated-vapor points; strictly, it i.s not- a, part of tlie tempei-ature- 
entropy diagram and does not n 4 >r(‘s<‘nt a idiysical proia^ss. 

Note. — The Line (D) Is M<rr Oni.y A ‘A 'onstant 'Temperature 
Line” Exit Is Also A ^‘C.h>NSTANT FuKSHiun*; Line” (log, 312). To the 
right of the point D the constant |>ressure. line* is no(, luuizontal but is a 
rising curve, since at Z> the sic un starts to htHunne supindK^ated. 



Fiq. 342. — ToTOpcrat\ire-CiXi,tropj' chart, for 
1 lb. of ateam. 


380. The Values For The Entropy Of Vapors At Diferent 
Conditions Are Given In The Vapor Tables (Table 394) 
with the other vapor propert jes. IhtsiihNS ihr total i ntnepif there 
is also usually given the cninrpi; of the aioithe entropy oj 

vaporization. The (uiiropy of the liipnd is graphically repre- 
sented by the distance Un (Fig. 3*12) anti the entropy of 
vaporization by the distance for thc^ giviui presnure. The 
total entropy for dry saturated steam In mproiaud od by the sum 
of the two or by tlie dfstance nr. The ioinl entropy of super^ 
heated vapors is given in the^ tables of Hupn-luN-dxNl vapors 
(Table 396) and is represented by nm in Fig. 342. The 
entropy of superheat (n^, Fig. 342) fora given degree of 
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superheat can be obtained by subtracting the entropy of dry 
saturated vapor, which is at the same pressure as the super- 
heated vapor, from that of the superheated vapor. 

381. The Total Entropy For A Wet Vapor Cannot Be 
Obtained Directly From The Vapor Tables. — It can, however, 
be calculated when the quality of the steam is known by the 
following formula : 

(259) nw = ill + xnv (B.t.u. per lb. per avg. abs. ® F.) 

Wherein: nw = total entropy for 1 lb. of wet vapor, n^ = 
entropy for 1 lb. of liquid at the same pressure, as taken from 
the vapor-property • table, nv ~ entropy of vaporization for 
1 lb. of vapor at the same pressure, as taken from the vapor 
property table, x == quality of the vapor expressed decimally. 
The application of this formula is illustrated in following 
Probs. 4 and 5, see appendix for solutions. 


Derivation. — In any temperature-entropy diagram showing the 
vaporization of a liquid : Entropy change of vaporization = {Latent heat of 
vaporization) {Absolute temperature). Thus in Fig. 342, nv = {Latent 
heat of vaporization of the dry steam) -f- {Absolute tejnperature) . When the 
vapor is wet all of the latent heat of dry steam is not used but the tem- 
perature remains the same as that of dry steam. Hence, when the vapor 
is web, the entropy change of vaporization will be less than that for dry 
steam and D will (Fig. 342) move to some point X. Consequently, 
for wet steam: The Entropy changcj CX — {Latent heat of vaporization 
of wet steam) -r- {Absolute temperature). Since, as stated above and as is 
evident from Fig. 342, the Absolute temperature^^ is the same for both 
of the two above equations, it is evident that: 

roRn'i CX _ Latent heat of the wet steam 

^ nv ~~ Latent heat of the dry steam 


Now (see Sec. 366) if x represents the quality expressed decimally, then: 


(261) 


Latent heat of the wet steam 
Latent heat of the dry steam 


Hence, substituting in For. (260) the equivalent from For. (261) 
there results : 

(262) — = x; or, CX = xnr 


Now, as is evident from Fig. 342, the total entropy change of the wet 
vapor, which will be here designated by nw, equals the sum of + 
CX. That is : 

(263) 


nw — Hi T" CX 
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Now, sulvstituting in I’or. « Ui*‘ for (7Y from For 

(2i)2), thero n'sults: 

(2G-1) *'Ur n/< | xur 

Wliich iH f lu! xam<* as I'ur. i'JolH. 


NotK"~-1’!ih (^rAs.nw <*an‘ Hf. I H; rr.uM info. If And m Are 

IvNOAVN.—I'or, by I raiis{H»siiij.»; lor. :2.‘tb , wo obtain; 

niF- iiL 

^ lu (tlccirnal) 

This is the nhation whieii is le-oful in t!r{f*rutttuuK the (juaiity of a vapor 
after a frietionh'.ss Uiliaiiaiio iiM‘ntropi<‘ o\jt:m,- ion. In a, fnctionless 
adia,ba.tie expatasion njr is known and ip, e.an fit* foitiHl from the vapor 
tables, dlie (niality ean alst* bt* ttbf.ainoii »lirt‘o(ly from the chart of 
Fiji;. 2-lb. Tlie applioat itni ttf llib; forintila i,-. ilhistraled in following 
Prob. b; s(;e apptaniix for st»!ution. 


382. The **Teiupt‘rNlin'o- <‘uh-ui>y” And The ^‘Mollier’’ 
Or “Heat-entropy” Charts Are Graphs Which Show The 
Principal Properties Of A Vapor; see Mbh Idms, the 
properties of a vapor can he n-j sro- ooloil on a graph for wliich 
entropy and ttau pern 1 uro, or t‘ntr(jpy and some other prop- 
erties arc (nnployod, as (‘oordinalos. 'r}n\<<‘ charts are 
CRpecially us(dul in friidionless-adiahat to ovp.-i n.-ion calcula- 
tions. The (miploymenf of (*ntropy in plotting 1 1 t(‘se charts 
is, as cxplniiKMl in pnaanling v^e<‘, MTd, its most important 
practical a.i)i)li<uif.ion. Tin* tom pofn 1 nre-t‘nt ropy chart is 
merely a combinat ion of many t emp(‘rat me -onl ropy diagrams 
as shown in hdg. ddl. TIu^ Mollier {liagram or h(‘at chart 
(Fig. 343) uses entropy and tot(tl loot aoiivnt as coordinates 
and, since in praeii<ad <'oenpu( ed i<m the total hmit-content 
is generally desired, this is t he most frtuptoully used and the 
more convenient chart. From it th(‘ heal tamttmt, in British 
thermal units, cun l>e r<‘a,d off iHnadly. The heat-entropy 
chart resembles the {(uujxTa t m'«* ent ropy cdiart-; it has the 
same linos only they have a. dilTerenl shipc*. it is, as is 
explained below, plotted in a maiinm' similar to that employed 
for the tempcraturc'-cmtropy chart. In steam practice only 
the upper rightdiand portion t>f a diagram such as that of 
Fig. 344 is needed in calculationn; tliendoriy ttiis is the only 
portion reproduced in the practietd cliariH, 

EximANATioN.— A HffiAT-KNTuomr Oh AtcnauKii Chart May Bh 
Constructed In The Foni.owxNa Manner. "**F or tlii« cliiirt (Fig. B 4 S), 
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total heat and entropy are the two coordinates used and they should be 
plotted at right angles. Fig. 344 illustrates the process. The plotted 
values are from Steam Table 394. When the heat content is zero, the 



Fia. 343. — Total heat-entropy chart for steam. 


entropy is zero. The usual practice of assuming an arbitrary zero, or 
datum for heat content and entropy, at 32° F. (Sec. 374) Is here fol- 
lowed. Thus.^ the state of zero entropy and zero heat content starts at 
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PiLXVTUWh UKA7 

O fM'l), wifh \va{<‘r jif 


F, 


[Biy, II 

ou;n‘as<^s, tlw wfala point inovo.s al^nr 

la aiiuilar io f hat ( iio % r, ,*..■- j j wfiicli 

This line, OA, isr»htaiiual hy pu]t\iu.r tljl' ■‘'"r , ^ %. 342. 

the cornsspontiinir t‘ntropy-i^f.4 hr.liqtn'4 valno.. oh'o ■ 

1 ahle ,^ii4: lor various pro.s.sun.j,*^ \\ hoii fvtn '*■..* j- Steam 

ontn.py incn‘;iw\s in .lin.i-i pnipui-l i.ni (<. il„'. Ui-il ,m|"i J'® the 

t on line .1/^ is ,sl rai«l.t. The p..int /, [. .I; .,..- ‘ a'' j’''*,' “"^Pora- 

oftheloUiI heal, of arysahu'a(e.le(enin-,l ■idOli. ' 
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constant-pressure lines. These points are then connected by the line 
KL, which is the 90 per cent, constant-quality line. Other constant 
quality lines may be drawn, such as MN, 

Lines connecting points all of which have the same degree of super- 
heat but which are located on the different constant-pressure lines are 
called lines of constant superheat. Such a line for 100° superheat is shown 
at PQ. 

Horizontal lines on Fig. 344 represent constant heat content, and 
vertical lines constant entropy. Frictionless adiabatic (isentropic) 
processes are represented by the latter (see Sec. 385). The upper right- 
hand portion of Fig. 344, which is shown cut out by the dotted lines, is all 
that is reproduced in a practical heat-entropy chart (Fig. 343) because 
the remaining portion of Fig. 344 would never be used. Lines of constant 
volume may be, but seldom are, plotted on the same chart with the 
properties of Fig. 344 because too many lines on one chart make it difficult 
to read. 

383. There Are An Infinite Tsfumber Of Ways In Which A 
Vapor Can Expand Or Be Compressed just as there are an 
infinite nunaber of wa^s in which a gas can expand or be com- 



Fiq. 345. — Showing characteristic temperature-entropy graphs for adiabatic (isentropic). 
isothermal, constant-pressure, and constant-volume processes. 


pressed (Div. 8). Of this infinite number, only three ideal 
ways (Fig. 345), a knowledge of which is useful because close 
approximations of them occur in practical heat phenomena, 
will be treated here. 

Note. — In A Sense It May Be Considebeb That There Are Only 
Two Fundamental Ways In Which A Vapor Or Gas Gan Expand. 
(1) Isothermal or at constant temperature, Fig. 345-11. (2) Isentropic^ 
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Sec. 385 or at aonst-ani. entropy, '1%. All other expansions lie 

somewhere heUveen these two as Hunts niul all tit hens, may in a sense be 
considered as the .sinniltant*ons o<*<‘urr<*nee of tht‘s(‘ two in various com- 
binations, The slope of any <‘xpansum Hms as Fit (!<%. 345), is deter- 
mined by the specilic heat of the siil>sianee nndvr the conditions. 

384. The Expansions Of Vapors, Close Approximations 
Of Which Ordinarily Occur In Practice an^: (1) Frictionlm 
adiabatic (ismUropie) e,rpaNf<f<au (2) ( /iFpnuHsurc expan- 
sion. (3) Coris(nnFheitt-co/it(‘Nt t‘.rpu/tsi(>N or Ihndilfng, These 
arc ideal ways of (‘xpansi<ni for various pro{*cssits and while 
they arc in thes(‘ cori.ain pro(‘(\ss(‘.s g<‘n(M‘ally (dosely approxi- 
mated in iivracticcj tlH\v tin^ uovov aidually obtained. The 
characteristics of these ideal cxpanrioiie arc‘ givtni in the follow- 
ing sections. 


Note. — The Like Oe Constant Votu^me, aometim<‘s ealled the con- 
stant-volume expansion line JK, 345-/1', does not really represent 
an expansion since no cluujj.?e in vohnne. t.ak(‘s place. However the area 
IJKL does represent tlie iKxit-cnuu'j^y transhu- iiecf‘ssnry to raise the tem- 
poratin-e Of the vjipor from ./ to K a,i eonstaut. volume. This line, /If, 
is the dividing line l)(4.ween conipnwion.s and expansions. Any line 
drawn throvigh a i)oint, as ./, so that if falls (no matter wfint. its direction) 
to the lower right of the constant voluim* line J K represents some 



Fia. 346. — RoprosontiiiK axi tuliabaUc imMi- 
tropic Gxpansioa of wator vapor—HO'aiu. ('tlio 
expansion is rapid. Work is <l««o by pint, on l\ 
The insulating material prevents transfetr of 
heat, as heat, during the expansion. An indi- 


expansion i>ro<a*ss. Likewise 
any Hn<^ tlirongh J falling to 
t4i<* np{)er left of J K represents 
soimu‘.omprt*ssion process. Any 
ntimher of Lot h smdi lines are 
po.ssihle hn' various expansion 
and (annprt's.sitm processes. 

386. An Isentropic Or 
Frictionless Adiabatic 
Expansion Of A Vapor is 
that (‘xpn.iision in which 
(bHg. 3*1(1), the entropy of 
the va|)(>r rtnuains oon- 


cator, J, gives a doflootion proi>ortional to the 
pressure.) 


Btard.; it is a co-mtant- 
entropp expu'nsion. On a 


temperature-entropy diagram (or on a ho;i(.-<‘ntropy dia- 


gram), it is represented by a vertical st.raight line {MN, 


Fig. 345). During this expansion tlie vapor does mechanical 


work but receives or gives off no heat energy, as heat, from or 
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to external sources or due to internal friction during the expan- 
sion. This expansion corresponds to the frictionless adiabatic 
expansion of a perfect gas as defined in Sec. 272. An isentropic 
expansion is often called simply “an adiabatic ''expansion, but, 
strictly speaking, this term is not correct. The term ''adia- 
batic" may mean a whole family of changes in which no heat 
transfer to or from external objects takes place; the isentropic 
expansion is but one of these. The isentropic expansion is 
generally assumed as the ideal for vapor engines (Div. 12) 
because, as shown below, it is the expansion during which the 
greatest possible amount of the heat energy in a substance at a 
given temperature is converted into external work. Isentro- 
pic expansions are approached in the steam-engine cylinder 
and in the steam-turbine nozzles. 



Explanation. — That the maximum heat energy will be converted into 
mechanical work by an isentropic adiabatic expansion will be evident 
by referring to Fig. 347. The line AB represents, to scale, the isentro- 
pic expansion of 1 cu. ft. of dry 
saturated steam at 308° F. until its 
temperature falls to 162° F. By Sec. 

262, (Division 8) the shaded area 
under AB represents the work done 
by the steam during its expansion. 

Suppose that another expansion, dur- 
ing which heat is abstracted from the 
steam, is represented by another line 
AC, Then AC must fall to the left 
of AB because, at any pressure during 
the expansion the quality of the steam, 
and hence the volume, will be less 
than during the isentropic expansion 
— ^because of the extracted heat. 

Hence the area under any such ex- 
pansion graph (shaded dark) will be 
less than that under AB — ^less work will be done than by the isentropic 
expansion. The only way that the expansion graph could be made to 
fall to the right of AB would be by adding heat during the expansion 
process. As will be explained (Div. 12), this would be a less efficient 
process. Therefore, the isentropic expansion is often taken as an 
“ideal’' in heat-engine calculations. 

Note. — The Condition Changes Which Accompany Isentbopic 
Expansions Op Vapobs may be read from their temperature-entropy 
diagrams which show that constant-entropy or isentropic expansion of 


3 4 j’ 6 7 6 9 

Volume-Cu.Ft. 

Fig. 347. — Pressure-volume graphs 
showing that an isentropic expansion 
extracts (as e.xternal work) more heat 
than any other expansion during which 
no heat is added to the substance. 
The graphs are drawn for steam ex- 
panding to 162® F. from the dry 
saturated condition at 308® F. 
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dry vapor cauKf‘H wein<*HM; of ^ujH-rhanfi'il vafMir, <*auK<*H lo.v. 

* ^ * *■ *■* 
and of Yi'ty w<‘t vapor eau:-<fs dryuii*:. rhtis, fnuu fai^. ;M,2, it is evident 

that the iacidropia expansion i»l* tiry x.af uraird wafor vap<»r (steam) from 
any proa.suny an for vxarnpla tiownward ahan*' />//, will renuit in 
steam (Wee. 355). 'riiia ia laa*n«i.se any poinl. htdovv //a* mturation lim 
DA1\ lies in an nnat whieh n^presiadH \v«d. rteain, it in also similarly 
evident that tlm iseiit.ropic <‘\pansion tif Miperheaied sttmm at any 
prcssxire and d(‘g;nH‘. of supm-heat , surit as rt*pre-.tmte(i | >y a |):ith downward 
along EE'^ n^sull.s in a loss of snperheaf ami if flit* ovn-rs* i(ai is cou(,iiun.ti 
wet Hteaiu will likewise n'sult. inn* uad. stomn uilh a <inaUty less than 
about 50 per tamt., tlie (piality Hm-s (See. MSP) elope in iht^ same general 
direction as the water hn<‘, EE. Hence, if an ismdropir, expansion starts 
with very wot stt^arn (a rpiality of loss than about 50 jHa* cent.) drier 
steam will nssult. That is, following dt»v\nwar<l along the lino C'C' 
(Fig. 342), the {|unUty ot tln^ .sttn-un ine^•a^:e■!. Eiht r an exception to 
the first two of the above statminmts in that fh<‘ isentropic expansion 
of its dry va-por <aiuse.s .suptaduaat and the i;H‘ntroi>ic expansion of its 
superheated vapor causes gnaat er sup<u’heat.. 

Note.^ — T o J.>ETiouMiNH Fhom 'fuK H KA'r-H.N’rm umv OuAET, Fig. 
343, Tins Quaiuty Oe Steam Arnai bsEN-rKocie idxcANsiON, proceed 
thus. Suppose it is desiianl l,c) fnid tin* <piality t>f supt‘rh<‘attai steam after 
isentropic expansion from a pre.ssurr* of ‘JtlP Ib. per sip in. a!>s, and at 200° 
F. superlieat to a. pnxssun^ of L5 lb. per S(p in. alas. St.art at. the inter- 
section of the 200 II). p(‘r s<|, in. al)s. constant, pressure and 200° F 
superlieati lines. 411011 follow vcrlic.ally down tlie {*onstanl. (aitropy line 
until the 1.5 lb. per srp in. .abs, constant pn‘s.sun* line is reached. The 
point thus located is Ixdwci'ii th<^ SI and S5 per eent. constant quality 
lines. The distance betwiani tiie point anti tlu* SI per cent,, constant 
quality line is about of the total tlistanc<‘ btdwta-n the* SI and Soper 
cent. constantHiunlity hhu^s. Thu.s (Jit‘ qnalitfj S I*’.' or HiA par cent, 

386. Constant “pressure Expansion (’h1g. 3‘I5-///), as the 
name implies, is o.xpansion apjainst n ta his! ant. pn^ssure. This 
is the expansion that taktxs plae(‘. in a Imilor wluui water is 
vaporized. It also takes place in a snpindioatiU’ where vapor 
is heated at constant pressure. It, (Kunirs in the cooling coil 
of a refrigerating plant, liut tlu^ cavoling <‘ojI in a. ndrigerating 
plant is a/nalogous to tlie lioiler and suptndHPai.tu’ in a steam 
plant, since in it the liquid almorlis }iea,t from the room or body 
which is to be cooled. 

387. Constant“heat Expansion (Fig. 348) sometimes called 
^'wire-drawing^' or 'HhrottUng,"' m tlio names implies, means 
expansion during which the heat^content of the vapor does 
not change. It occurs when a vapor expands from a high- 
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pressure through a small crack or orifice to a lower pressure 
so that the only mechanical work done is that expended in 
overcoming friction. But this friction work merely heats the 
orifice and surroundings so the heat thereof is reabsorbed by 
the vapor. Thus the heat 

Hi 0 h- Pressure 


content per pound of vapor 
is the same after expansion as 
before expansion. 

Examples. — This constant-heat 
expansion occurs in the. throttling 
calorimeter (Sec. 392). It takes 
place also to some extent in under- 
sized pipes and partly opened 
valves. It cannot be used ad- 
vantageously in engines since in it 
no heat is converted into work. It 


Low-Pressure Gusfe 

^-LoW 
Tempereffur^ 



~ K =>teoim ^ '• 



■Prevenfs 
Loss Of 
Heat energy--''' 


is employed in refrigeration (Sec. 
632) where the pressure on the 
refrigerant is lowered by permit- 
ting the refrigerant liquid which 
is under high pressure to expand 
through an orifice into a space 
where the pressure is much lower. 


Fio. 34S. — Constaat-heat or Joale- 
Thompson expaasion, also called wire 
drawing and throttling. (The steam passes 
from the high-pressure, Gi, and tempera- 
ture, Ti, conditions in. A, to the low- 
pressure, Ga, and temperatxore, 7^2, condi- 
tions in B, without loss of heat content. 


388. Compression Of Vapors Occurs Ordinarily In One Of 
Three Ways or in some combination of them: (1) Isentropic or 
constant-entropy compression. (2) Isodynamic or constant- 
internal energy compression. (3) C onstant-pressure compression , 
As with the expansion of vapors (Sec. 383) there are an infinite 
number of ways of compression. Isentropic compression is the 
reverse of isentropic expansion. In it, the largest possible 
amount of mechanical work is changed into heat energy but 
no heat is added to or abstracted from the vapor as heat. Thus 
the internal energy of the vapor is increased. Since in vapor 
compression it is not desired to change a maximum of mechani- 
cal work into heat, but instead to change a minimum of 
mechanical work into heat, adiabatic compression instead of 
being an ideal compression is the least desired of all compres- 
sions. Isodynamic compression is that compression during 
which the internal energy in the vapor remains constant. This 
may (theoretically but not practically) be obtained by absorb - 

23 
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ing heat from the vapor whh cuoiiiig wah^r at, the same rate 
as the mechanical work Ls tiono- It, is tlu^ ideal compression 
for refrigerants as the me<*ha!u<‘al work during it in the 

compression droiu one state to anotlnn* is k*.ss t han that done 
during any other ('ornpi-essioii, t hu/x/ua/-*pre.s‘,s7/n' couiprcMio}) 
is the reverse of (‘(>ns(ant-}>r<‘ssun‘ (expansion; H is compression 
or contraction which occurs at t‘onstaut pr(\ssurc. This 
compression takes place in a e.oiuleusm’ when a vapor is 
condensed. 

389. The Energy Relations During An Isentropic Process 
may be found from the following foi-mulas which are derived 
as shown below. The pn^ssure-volunu' ndations may be 
computed from valuers foumi on thi’; (‘oust ant ~(mt, ropy line 
on the total heat-entropy cliart (hig. odd). The energy 
relations are: 

(266) Q = 0 (iu^at added) 

(267) Qj = L> ~ (dkt.u. per lb.) 

(268) Wm = 778 (Ii — 111) (ft.~n>. peril), of vapor) 

(269) We = 778 (Hi -- H.>) U /Mh) 

(ft.~n>. p(‘r Ih. of vapor) 

Wherein: Q = the heat achhni during tin* procH'ss. Wg 
= the external work doiu^ hi/ th(^ vapor during tdu^ process, 
in foot-pounds per pound of vapor. Q/ thi^ change in 
internal energy during the procc'ss, iri British tlaa'inal units 
per pound of vapor. It and In - . n‘sptHd i\a,dy, the internal 
energy of the vapor at the Ix^glnning and end of t he process, 
in British thermal units per pomui. HiandHn r.-spcTiicdy 
the heat contents of tlic vapor at i*h<^ Ix'ginning and tmcl of the 
process, in British thermal units p(u* pound, /h and 1\ = 
respectively, the pressures of the vapor at, tht^ lH‘ginning and 
end of the process, in pounds p(U“ H<|uur<' inch absolute. 
Vi and F 2 = respectively, the speeiflc voluim‘s of the vapor 
at the beginning and end of the i)roceHs, in oul)ic.5fe.et per pound. 

Derivation. — Since, by dcfmitien, no heat ii addexi to or abstracted 
from the substance ‘during an iientro|>ie {U’ochw, For. (2CM))j which 
expresses this fact mathematically, niuat hohL Now, l)y For. (58), for 
any condition change 
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(270) Q = Q/ + Qe (B.t.u.) 

Hence, by combining Fors. (266) and (270), there results 

(271) 0 == Qj 4 - Qe (B.t.u.) 

or, by transposing 

(272) Qe = •— Qj (B.t.u.) 

Now, it is evident that For. (267) expresses the value of Qj. Hence, by 
combining Fors. (267) and (272), there results: 

(273) Qe = -(I2 - Ii) = Ii - I2 (B.t.u.) 

But, by For. (46), We = 778 Q^. Hence: 

(274) We = 778 (Ii - I^) (ft. -lb.) 


Now, For. (249) gives the expressions for Ii and I 2 which, when substi- 
tuted in For. (274), give For. (269). 

Example. — How much work is done by 1 lb. of steam in a steam- 
engine cylinder during its expansion from 150 lb. per sq. in. gage (dry 
saturated) to 29.3 lb. per sq. in. gage? Assume that the expansion 
is isentropic. Solution. — ^From Table 394, for 150 lb. per sq. in. gage: 
Hjo = 1,195.0 B.t.u. per lb.; = 1.561,5; Vz> = 2.753 cu. ft. per Ib. 
Also, for 29.3 lb. per sq. in. gage: h == 242.0 B.t.u. per lb.;L= 929.2 
B.t.u. per lb.; = 0.400,2; n^ = 1.268,1; Vi> = 9.59 cu. ft. per lb. Now, 
since the entropy remains constant, the quality after expansion may 
be determined by For. (265), thus: x — (utf — n£)/Tiv = (1.561,5 ~ 
0.400,2) -i- 1.268,1 = 0.916. Hence, by For. (242), the total heat after 
expansion = Htt = h -f xL — 242.0 -f- (0.916 -f 929.2) = 1,093 Bd.u, 
per lb. Also by For. (245), the after expansion — Vw = 

xFn = 0.916 X 9.59 = 8.78 cu. ft, per. lb. Now, by For. (269), the 
work done = We = 778 (Hi -- H 2 ) + 144 (P 2 F 2 - PiFi) = 778 X 

(1,195 - 1,093) + {144 X [(44 X 8.78) - (164.7 X 2.753)]} = 793,500 - 
96,800 = 696,700/^.46. 

Example. — How much work is done on 1 lb. of ammonia vapor of 
quality 0.80 and at 30 lb. per sq. in. abs. in compressing it isentropically 
to its volume? Solution. — ^Values for the several properties are 
taken from Table 399. By For. (259), the entropy = nw = tll d-xny 
= -0.070,9 -f (0.80 X 1.244,9) = 0.925,0. By For. (245), the specific 
volume before compression = Vw = xFu = 0.80 X 9.19 = 7,35 cu. ft. 
per lb. Hence, the specific volume after compression = F 2 = Fi/4 = 
7.35 4 = 1.838 cu. ft. per lb. By trial, using Fors. (247) and (259), 

it is found that a specific volume of 1.838 cu. ft. per lb. corresponds at 
at 80° F, to a quality of 0.949 and an entropy of 0.987,5; at 75° F. to a 
quality of 0.872 and an entropy of 0.921,0. Hence, the temperature 
after compression = 75+5 [(0.925,0 - 0.921,0) (0.987,5 - 0.921,0)] 

= 75.3° F. Likewise, the quality after compression = 0.877 and the 
pressure after compression — 142 lb. per sq. in. abs. Hence, the total heat 
after compression, by For. (242), = Htt = h + xL = 48.3 + (0,877 X 
507.8) = 493 B.t.u. per lb. Likewise, the total heat before compression = 
h + xL = -33.7 + (0.80 X 572.2) = 414.1 B.t.u. per lb. There- 
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fore, by For. (2G9), ih<* v^ork =■! IT/,* 77S (Hi — Ha) +144 

(P2V2 - PiVi) - 778 X (4bbl - 4U:i) .f t41 |(!42 X hm) ^ (30 x 
7.35)] = -61,380 4-5,832 -55,548 //.46. lb-nee*, the wrfc done on 

the vapor =» 55,54S/h46. 

390, The Energy Relations During A Constant-pressure 
Process are quite Biiuple. Since^ total bc^ats, Secs. 305 to 
367, I'epresent heat a<It!ition8 at const.aut pressure they 
represent const.a.ni.-{n-t‘ssun' n ft -.e for con- 
stant-pressure prta-e-ssr-s the followiiig fornuilns nuiy be written; 

(275) Q = Hs - Hi (Iht.u. per lb.) 

(276) Q/ -= I 2 Ii (fhtai. per lb.) 

(277) W,: - hbl P (V", -- Vi) (ft.-lb. per lb.) 

Wherein: Q = the heat addet to th<‘ sub.dnfu't^, in British 
thermal units per pound. Q/ — the change in int(*rnal energy 
during the process, in British tlauaual \mit.s per ptniiul. Ws = 
the external work done hi/ each pound of vapor, in foot- 
pounds. Hi and H 2 = the total luaiis, n-spt'ci at the 
beginning and end of the proe(‘ss, in British llan'inal units 
per pound. Ii and I 2 == resptahlvdy, th(‘ initial and final 
values of the internal energy of tlu^ vajjor, in Ihlt.ish thermal 
units per pound. P = tlic {>res.sur(‘ of the vapor, in pounds per 
square inch absolute. Vi and 1^2 fhe initial and final 
specific volumes of the vapor, resp(‘ct in culuc feet per 

pound. 

Example. — 'How much work is done by 2 lb. of ns it evaporates 

in a boiler at 350^^ F. and is superheated to 5()(F h'Ai How imich heat is 
added? Solution. — From Table 393, t.he Bixu-.ific volume of water at 
350° F. is 0.018 cu. ft, per lb. From Table 396, by iuterpoiafing, the 
volume of 1 lb. of superheated sfcoam at 13-1.6 lb, pea- nq. in. abs. and 150° 
F. superheat is 4.15 cu. ft. per lb. Hence, by h'or. (277), tlie vxUmial work 
= IFis = 144P(F2 - Vi) « 144 X 134.G X (4.15 - D.OIH) - 8(),000/t- 
Ib. Also, the total heat of the superheated st.eam is H.v 1 ,272.2 B.t.u. 
per lb. and, the heat of the liquid at 360^ h\ is 321.4 B.Lu. per Ih. 
Hence, by For. (276), the heat added Ha — Hj « 1,272.2,^'— 321.4 « 
950.8 B.t.u. per lb. 

Example. — How much heat must bo alisfcracted from 1 ll>- 0 ! dry 
saturated ammonia at 86® F. in condensing it to tlm lic|uiti state and how 
much external work is done by the ammonia in condtuwirig? boLxrriON, 
— ^By Table 299, P =« 167.4 lb. per sq. in. ahe. Vjo »» 1,788 cu. ft. per 
lb, Vl — 0,027 cu. ft. per lb, Hn « 567.0 B.Lu. per lb, h » 69,4 
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B.t.u. lb. Hence, by For. (275), the heat added = Q = Hz — Hi 
= 59.4 — 557.9 = —498.5 B.Lu. per tb.;oT, the heat abstracted = — Q = 
498.5 B.t.u. per lb. Also, by For. (277), the worh done by the vapor == 
IFjr = 144P(y2 - 171) = 144 X 167.4 X (0.027 — 1.788) = -42,450 /i. 
lb.; or, the work done on the vapor = —We = 42,450 ft.-lb. 

Note. — The Energy Heeations During Throttling And Isodt- 
namic Processes are not required in engineering work. For a throttling 
process, as explained in Sec. 387, Q = 0, Ws = 0, and, therefore, Q/ = 0. 
For an isodynamic process, by definition, Qj = 0; hence Q = —WsHlB. 

391» The Characteristics Of Water Vapor — Steam — Make 
It The Best Medium Of All The Vapors For Transforming 
Heat Energy Into Mechanical Work. — The water from which 
it is formed is the cheapest and most plentiful of all liquids. 



Loifenf Hzort- Qf Vo/porizafion To Conoiensm^ V/afasr.' 


Fia. 349. — ^Latent heat of vaporization in steam-engine operation. (C = condenser. 
H = hot well. B == sewer. V = vacuum pump. F = feed pump.) 

It is relatively non-cqrrosive and does not harm the interiors of 
boilers. The steam formed does not attack steel. It gives 
off no fumes that are harmful to the body. Another impor- 
tant property is that the water has a large latent heat of vapor- 
ization (see Sec. 323), almost twice that of any other vapor. 
This property of water makes it possible to transmit much 
heat (Fig. 349) with little liquid or vapor. The boiling 
temperatures of steam are fairly high with moderate pressures 
and since the efficiency of an engine depends on the tempera-^ 
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sentative sample is obtained. The admission of the sample 
is controlled by valve, Y , The temperature of the incoming 
steam is measured by a thermometer Ti. The steam then 
passes through a small hole or orifice, O, in the center of a 
circular plate, into the chamber, <7, (Fig. 351). The orifice 
is so small (about J'fe in. in 
diameter) that the steam pres- 
sure ,is reduced by it to prac- 
tically atmospheric pressure. 

The pressure, P 2 , in C may be 
measured by a manometer, not 
shown, but it is generally only 
slightly more than atmospheric. 

The calorimeter is thoroughly 
lagged and, neglecting the small 
atmospheric rabiation loss, all 
the heat in the incoming steam, 
since no work is done by it, 
must be in the exhaust steam. 

Since the heat content of slightly 
wet steam at higher pressures is 
greater than that of saturated 
steam at atmospheric pressure, 

the exhaust steam will be superheated. When the calorimeter 
is in use, Y is opened wide and the temperature of the exhaust 
is read from the thermometer 

393. Table Showing Density and Specific Volume Of Water 
At Different Temperatures. — Abridged from Steam Tables’’ 
by Marks and Davis (Longmans), 



Fig. 351. — Section of Barms tkrottling 
calorimeter in operation. 


Temperature, 
deg. Fabr. 

Specific 
» volume, 
cu. ft. per lb. 

Density, 
lb. per cu. 
ft. 

Tempera- 
ture, deg. 
Fahr. 

Specific 
volume, 
cu. ft. per lb. 

Density, 
lb. per cu. 
ft. 

40 

0.01602 

<52.43 

210 

0.01670 

59.88 

. 70 

0.01605 

62.30 

250 

0.01700 

58.83 

100 

0.01613 

62.00 

300 

0 01744 

57.33 

130 

0.01625 

61.55 

350 

0.01800 

55.57 

170 

0.01645 

60.80 

400 

0.0187 

53.5 
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2.93 3.03 3.12 3.21 3.30 3.53 3.74 3.95 
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396. To Compute Tiie Quality Of Steam From The Results 
Of The Throttlmg Calorimeter, use Hillnwing formula 
which is derived Ixduw : 

KOod I 0, h 

(278) X " ' ^ (decimal) 

Wherein; x = the quality uf steam, (‘xpu'ssed decimally 
Tz = the tcmpcu'aJure shown hy th(‘ t h(‘rintHn(h,m’ 7^2 (Fig. 350) 
in degrees Fahrtmluud;, h ■ lu^ni of licinid eoi-iesponding 
to the teTnpera.iuro of tin* sh\*nm 7h, ht'foi'e [jassing through 
the orifice as shown l)^'” therm(mi(d(n' 7h (J*‘ig. in British 

thermal units iku- pouiuL L latent heat of steam corre- 
sponding to 7h, tlu'. sa*n<‘ t emixa'at ure as for h in British 
thermal units per pound. 


ExAMPnn. — Sui)p(Ksc t.h<^ t<xiiprra( are of tin’ 


xtcam, Tu 


is 355 . 8 ° F. and thn tenqxa'at ur<^ of t in* steam in t in* (ixhnust side of the 
calorimeter, is h\ 'Pins pn'ssure in the cahH’iiacter chamber 

C, is assumed to l>e ijractically nimospht‘ri<*- W hat is t,hc (]uality of 
the steam? SonirrioN. By For. 27 s, t ho <{tiali(y, x (1,050 -h 0,46Ti 
1i)/L = (1,050 O.-IO X 250.3 32/ .4 )/ StJo. i 0.!H>a, (H' OG.l) percent 

Derivation. — A s the (aiioriimUor i.s woll ifisulaled and there is a 
sufficient flow of steam so that tin* h<>;it loss in U may ho ix'^lectod, the 
total heat of the steam will Ik'^ thc^ s.aiiu* hiaorr and al tar passiui*; through 
the oi‘ifice. If the tomp<x*a<tur<* ot fha \v<‘(' .• faani hafon^ passing through 
the orifice is Ti, the corn^spomling; total h<*at of wat. stc^mn (by For. 
242 ) = h + xL. If the st/^ain is Kup(‘rlH*al ad aft ta* passing through the 
orifice, the total heat of the sup(n-h(‘at£‘d steam iUy h'or. 211 ) = H/) + 


CTs, Since the two arc ccpiul, h d xL 
( 279 ) X = ■' 


-f C 7 Va end: 


(decimal) 


(280) X '■ (decimal) 

Wherein: Ts == — Ta, or the diOenauxi fadwtaai tlui observed tem- 

perature and the temperature <^u'ra:.p(»n(lir,;-:. in a shaim table, to the 
observed pressure aider passing through the orifxxu W 1 ien a pressure 
corresponding to a temp<ma.turc of about 2 I 3 '* F. is ohtauned on the 
atmospheric side of the orifice, the atmospheric, values for Hn, C and Ti 
maybe substituted and For. ( 280 ) Ixseomcs: 

^ ^ 1,150.7 4- 0..itKTs 21: h . n 


( 281 ) X - 

And sinaplif y ing : 

(232) 1,050 + 0,407h 

Xj 

Which is the same as For. (278). 


(decimal) 


(decimal) 
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397. When Steam Is Too Wet To Superheat In A Throttling 
Calorimeter (Sec. 395) its quality may ordinarily be measured 
in a separating calorimeter (Fig. 352). This is a device for 
mechanically separating and measuring the water suspended 
in the steam. The quality is found by dividing the weight 
of dry steam by the sum of the weight of the moisture and the 



Fig. 352. — Separating calorimeter Fig. 353. — Steam separator for 

(which separates, mechanically, the removing entrained moisture, 

water from the steam). 


weight of the dry steam. It is impossible, however, to com- 
pletely separate all of the liquid from the vapor with a separat- 
ing calorimeter. Hence, such calorimeters always indicate a 
quality slightly in excess of the actual. When the steam 
pressure is less than about 50 lb. per sq. in., a separating calo- 
rimeter is very inaccurate. A throttling calorimeter may, 
however, be used on the discharge from the separating calori- 
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meter so as to correct the error, llte operjil ion of the separate 
ing calorimeter is explainet! he!o\$ 

l!]xpr4ANATjox.— 'Tlie. .sioam (‘rit«*ra t!ic' calorimeter through the tube 

A, and disehargt^s into fhe metal Imsket^ 'vvldrli has perforations 
through i{,H .shlen. d'he hottom of the hnektU i ; tint p«‘rf orated. Hence 
to reach the outlet., />, .ahtn'e, the .stiuuu must rmakti a sharp turn aa it 
leaves the tube, A. In making this turn, Uie moisture in the steam 
being heavuvr than the tiry vapor, is thrown thnmgh the perforations 
in the side, of H into tlu*; inner chamber, (\ where it eolleets. The volume 
of the water, lb, thus eolhad.ed is read on tlnc'-ealt*, X. The steam passes 
through, 1), into the outt‘r chamber, R, Jcul th«m through (he orifice 0 
into the atmosjdiere or into a bmded. r>f wattu* 'The r.ntt* of steam flow 
through the. oritiee, O, wdll <l<‘pemi on the pres.sure in R. The gage G 
ha.s two sets of graduations, om^ ^5howing the pressuri^ in E, and tbe 
other showing the weight of steam How through (> diiring a 10-minute 
period. As this gagti for the steam How is unndinhle, a better scheme is 
to obtain the weight of ih(^ steam by eondensing it by pa.a.sing it into a 
bucket of water— ami then weighing tin* eomlensed .st(‘ain. 

Notk.— In B'ruAM‘~F,N<{iNK PHACTnuc, S'i'KAM Is Uhuaixy Passed 
T iiitouon A SwpAUA'roR (l‘%. dhd) Hfpohf I'l* K h A m n-:s IhiK Engine. 
Hcnco its quality on (*ntenng tin* engine Is high (‘uough to be measured 
in a throttling ca.I<:>riru(d,er. 

398. Ammonia, Carbon Dioxide, And Sulphur Bioidde 
Vapors Are Used In Refrigeration Practice. Since in mechani- 
cal refrigeration t (unjK'ra.tun*.*^ below 32*’' F. an‘ n^quired, it is 
desnable to employ some vapor wlue.h Ims (at moderate 
pressures) a boiling tempiu'atun^ lower than 32° R It is 
difficult to utilize water vapor for nd'rigcu’ation purposes 
because water has a relativcdy higli fna'zing point"- it would be 
a solid at temperatures which mnsl, l)t^ us<ul in refrigeration. 
Ammonia, carbon <lioxidc, and sulplmr dioxide arc the vapors 
which are generally (unploytMl. Ammonia is a very satis- 
factory refrigerant for ordinary refrigeration purposes because, 
at moderate pressures (.130 '2()() Ih. peu’ s(p in.), it can readily 
be condensed with cooling water at tcunptu'af ures of 50 toSO'’ 
F. Sulphur dioxide condenscB at pmssuri^s of from 40 to 
60 lb. per sq. in. even with relatively warm c.omhmsing water. 
Thus this fluid is used to adv.unlagn in tlie tropics. Carbon 
dioxide is best suited for loW“t.('mp<*ra( nre* refrigeration, but it 
must have cool condemsing for otherwise the efficiency is 

greatly impaired. Carbon dioxide must be raised to a pressure, 
of nearly 1,000 lb. persq. in. before it can be condensed at 80® ?. 
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Specific volume 
of sat. vapor, 
cu. ft. per lb. 

(It) 

10.910 

9.510 

8.410 

7.490 

6.660 

5.910 

5.210 
4.635 
4,135 
3.716 
3.350 
3.005 
2.700 
2.433 

2.210 
2.003 
1.817 
1.650 
1.499 
1.361 
1.238 
1.137 
1.041 
0.950 

S 

Of 

vaporization 


0.3935 

0.3869 

0.3803 

0.3739 

0.3675 

0.3608 

0.3546 

0.3483 

0.3418 

0.3351 

0.3287 

0.3224 

0.3160 

0.3094 

0.3029 

0.2965 

0.2900 

0.2835 

0.2771 

0.2707 

0.2642 

0.2578 

0.2513 

0.2442 






!! 


Of liquid 



-0.0308 

-0.0274 

-0.0240 

-0.0208 

-0.0176 

-0.0141 

-0.0110 

-0.0079 

-0.0046 

-0.0012 

+0.0020 

0.0051 

0.0083 

0.0117 

0.0150 

0.0182 

0.0215 

0.0248 

0.0280 

0.0312 

0.0345 

0.0377 

0.0410 

0.0443 


•4-9 


Internal 

CD 

161.04 
160.00 
158.90 

157.70 

156.43 

154.95 
153,59 
152.26 

150.84 
149.36 
147.75 

146.11 
144.40 
142.68 
140.92 

138.95 

137.12 
135.29 
133.28 
131.16 

129.04 

126.85 
124.63 
122.39 






!i 

»:>■ 

a> 

ft 

d 

"S 

3 

o 


174.80 

173.87 

172.89 

171.83 

170.68 

169.43 

168.19 

166.90 
165.51 
164.05 
162.54 

160.99 
159.37 

157.60 
155.82 

153.99 
152.09 
150.15 
148.13 
146.00 

143.87 

141.61 
139.32 
137.02 

a 

Heat content— 

■vJ 

‘3 

O’ 

o 

^jd 

ii 

ONMOQ U5COOO COOQO OOOOO jl 

OOmOi OOO'st'CM OOrH(NO OOOOi— < M 

Mooco oeoooco t-cscoos >o»~hooio tNo^rsco ocoo'!t<»-i 

0500010 cooioo N + Or^OST-feO ; 

MM 1 M + 


Total of vapor 

A 

sw 

160.52 
161.02 

161.50 
161.92 

162.29 
162.59 
162.87 
163.12 

163.30 

163.43 

163.51 
163,55 

163.53 

163, d 5 
163.33 

163.19 
162.99 

162.73 

162.44 
162.09 
161.70 
161.25 

160.74 

160.19 


Pressure, lb. 
per sq. in. 

abs. 



6.86 

7.90 ■ 
9.03 

10.35 

11.80 

13.40 

15.15 

17.09 . 
19.17 

21.46 

24.04 

26,82 

29.90 

33.38 

36.96 

40.53 

44.92 

49.56 

64.33 

59.58 

65.25 

71.25 

77.66 

84.75 

Temp., deg. 
Fahr. 


1 

0.0050 ggggg 

MI- 


24 



Table Cjiving Tbe Tropexties Of One JPonn<i Of Saturated- Ammonia Vapor (Based on data by 
Lougb and IVilosbei', from jSrdarlcs’ ' * AfeGbanical Engineers' ECandbook”) . 
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QUESTIONS ON DIVISION 11 

it' 

1. What is the distinction between a vapor and a gas? Do gases and vapors behave 
similarly? 

2. What are the three conditions in which a vapor may esdst? Define each in two 
ways. Which one seldom occurs in practice? 

3. What are the two forms of saturated vapor? Define each. 

4. How is the amount of superheat in a vapor expressed? 

6. How may the condition of a vapor be determined? 

6. What is meant by the quality of a vapor? 

7. How may the properties of a vapor at some pressure between those given in the 
table be found? 

8. Define heat of the liquid. Total heat of a vapor. Of what values given in the 
vapor tables is the total heat the sum? 

9. How may the total heat of a wet vapor be found? Of a superheated vapor? 

10. Define the specific 'oolume of a vapor. How is it determined for wet, dry satu- 
rated, and for superheated vapors? 

11. How would you find the quality of a wet vapor if you knew only its pressure and 
specific volume? 

12. Give the general formula for finding the internal heat energy in any vaporous 
substance. What is the starting point from which internal energy is measured? 

13. Of what two factors may heat energy be considered the product? Explain the 
similarity, on this basis, of heat and other forms of energy. 

14. Give two definitions of entropy. Can a substance suffer an increase or decrease 
of heat content without suffering a change in entropy? Explain. 

15. Can entropy be measured? How are entropy values determined? Do all sub- 
stances have entropy? Explain. 

16. Of what use is entropy in heat calculations? Of what value are charts which 
employ entropy? 

17. Is it possible to determine the absolute entropy of the substance? Why? 

18. Do we ever need to know the absolute entropy of a substance? From what 
starting point is entropy generally measured? 

19. V/hat is the difference between absolute entropy and total entropy? 

20. How can the change in entropy during heat transfer be determined? Explain 
fully. 

21. Explain the usefulness of the temperature-entropy diagram for any process. 

22. What sort of temperature-entropy diagrams are useful in engineering? What is 
the difference between such a diagram and a chart? 

23. How would you find the entropy of a dry saturated vapor? Of a superheated 
vapor? Of a wet vapor? 

24. What is a M oilier diagram? Using values from the steam tables show by a sketch 
how a Mollier diagram is constructed. Indicate on your sketch what portion of the 
diagram is generally most used. 

25. In how many ways may vapors expand and be compressed? What may be 
considered as the fundamental expansion or compression processes? 

26. What are the three principal kinds of vapor expansions which are encountered 
in actual machines? 

27. What is an isentropic expansion? In what kind of machines do nearly isentropic 
expansions occur? Why is the isentropic expansion considered as the ideal? Explain 
with a sketch. 

28. What changes in quality or superheat accompany isentropic expansions of vapors? 
How would you determine the quality or superheat of a vapor after isentropic expansion? 

29. Where do constant-pressure expansions of vapor occur in practical machines? 

30. Under what conditions does a vapor expand without change of heat content? 
In what practical processes do such expansions occ\xr? 

31. What are the three principal ways in which vapors may be compressed? WMch 
of these is not practically attainable? In what machines and under what conditions 
are these compressions obtained? 
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32. Derive the energy rekrirnw fi>r nn niMi-.wi Un a vn|H»r, Whata 

can be read directly from a !ioat‘onh’oi»,v ♦duttr V ^ 

33. State ami derive the energy n^lntnuei Imi a eteenanf {«ie;<hiiie luwens for av 

34. What are the ema’gy rehnritme for tin of fling and e-od) namie pnmmmi ^ 

35. What eharaett'riHtiea of ateam ninlv«* if no nfnf:dtle a medimn for heat engbes? 

36. hlake a aketeh of and explain the prineiple of opiTufion of the throttling calor 
motor. 

37. When cannot a throttling cidoriinefi'r he What ealorimeter is thenused 

and how docH it oimrate? Make a nket«‘li of if. la fhhi ealorimetrr very accurate? 

38. Under what dilTerent eondifitma uf jadrigernfion nrr ammunia, eufphur dioxide and 
carbon dioxide UBed? Which of fhcne b moaf genmall.v iiaed? 

PEOBLKMS im DlVISltm U 

1. What b th(i totfd heat given olT in flu* e«mdrfe,ufion of hoOfl |h. of wctateamat 
20 lb. per eip in. ahn, liaving a <juidity of 02. S prr ei‘nf. uheu fhe vondeiwato is coobd 
to(50°F.? 

2. What amount of heat muat he .Muppliod fet Ih. of water at dlri F. tooonvertit 
to steam at 185 lb. per Htp in, gagi’ ineomirr- and dd2 ’ K.7 

3. Steam at WO lb. per mp in. aim. ami 08 piw rent. »ptaht,v (‘Xpumb in a turbine to 
a prosauro of 2 lb. per tap in. ahn. After fhiu expanniiin if ha.i a tpudity of 81 percent 
By oaleulationB from (he valuea given in the ."■■fi'ani Tuhle, lind the heat absorbed by 
the turbine from I lb. of fdeam. Noti*: lh*af aheoj'he<l eipiuh^ heat content of atoam at 
throttle ininua the h(‘ai content of exhamd efimm, 

4. Find the Bpcciiic volume of the .at earn enfrring and leaving fhe turhine of Prob.3. 

6. Find the internal tmergy of tin* af<nim entering and leaving fhe turbine of Prob.3. 

6. Find, without the um<s of the elinrf (Fig. :U:ip ihe Uu'mm* in ejitrupy during the 
expansion in Prob. 3. II ow mueh more heat in in I Ih. t»f the exlmuid, nteam than would 
have been in it, had the steam expamh'd uietifropienlly? 

7. Steam at lOO lb. per «<i. in. ub.a. ami ttp F. euperhent expumln iHentropically (that 
is, along a constant entropy lin<') to .a prenettre of 5 Ih. per B«p in. abe. by means of the 
chart find the quality of tin* steam after tlda exputmion? Find fhe qualify of the steam 
after expansion by caleuhUion frtim tin* enl rop> \ fdties given in f he ;<f<*am fables without 
using the chart, and elu*ck this vahn^ wifli (haf found hy inennn of (he ehart. 

8. How much exteriml work w<add In* dtun* hy eaeli poiind of Hlmuu during its 
expansion in a stcam-engiim cylimler if (he nfeam eivpamleii i.-ieutropitadly from2001b. 
pre S{p in. aba. and KHF P\ Huperh<*at fo a presfiure of 3 Ih, per sq. in. atm.? 

9. In the coils of an atninunia r<*frigera(ing system, vapor ammonia of 10 per cent 
quality and at ™“ 10" l'\ is evaperatml af eonsfant preji.-iurV unfil if.i jpndify becomes 0.95, 
How much beat is absorbed l>y <*ach inmnd of amnomia and Inui, much cx(<*rnid work is 
done during the process? 

10. A throttling steam calorimeter giv(*a reailijtga na fidlowo: 'Fe miamituro before 
passing through orifice, 3d(»'* 1*\ Ttunperatun* afii'r pnaaing through orifice, 250® f 
Pressure after passing tlirough the oriliee, 15 lb. per lap in. aho, What In the quality of 
the entering steam? 



DIVISION 12 

GAS AND VAPOR CYCLES 


402. A cycle hiej be defined as i A senes of 'processes per- 
formed m a definite order or sequence such that, after a definite 
number of the processes, all concerned substances are returned to 



Fig. 354. — A water cycle in nature. 



Fig. 355. A. cycle as applied to a machine. 

tlwir original state and condition. Figures 354 and 355 show 
simple cycles; the illustrations are self-explanatory. In heat 
engineering, cycles generally consist of condition changes of 

37.5 
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^a*ses or vapors, 'fhoy luay !»«* i'uh.-i<lorr»{ with nsspoct to one 
ina,(‘hiav as, f<>r insiaaco, tla* siiaaiu cirains In a stc^ani power 
plant or the aiunnana <MHnprvssor in a a‘rna;<*ratiag plaiit-~-or 
Ihc^y may ho <*<jnsi(loro(l wiUi ro>po<*t to an eaitirt* plant. Eacli 
time a. pound of waUu’ lias r-.a-iph.-i.-d a romni trip through the 
apparatus - boil<‘r, on^^ima (amdonstan hot\s<‘ll, ail again back 
to tlu^ l)()il<‘r and atta,ino<l its original coiuHtioip it is said to 
havo ta}iuj)h‘h‘d oiH^ <‘yt*lo. Wdam only th<‘ prtxasssos which 
(XHUir in a. singlo lioaf mmdtitio toyiindor) aro (anisidored and 
whon, \V(‘igld of th(‘ u^orkfufj .v/dKs-/a//rr (st<*a!n, in a steam 
cng'iiuO witbin thi‘ maohiin^ is ohangiMl from tinu' to time (by 
admitting atul taking away a [lart of tlio working substance), 
tticn, th<} s<‘ri(‘s of pr<H‘ossi‘s dors not const it ut(‘ a true cyck 
Sucdi a soric,\s of proccNssos is somoiimos tcu’inod a* pseudo cych 
(jxsoudo TiKUining I’alsiv). In t his division, liot h t rin^ and pseudo 
cyck^s will Ix^ dis<*uss<‘d. 

403. All Heat Engines And IRcrrrigm'ahng Machines Operate 

On Cycles. A heat eNpiue (h'ig. 3o()«/ j Is any machine which 

utilizes heat (UKU’gy for lh<‘ prodinXion of mociuiniiail energy— 
for exami)l(^, tin' stiuun <‘ngin<^ or turhinc and the internal 
(*oin,l)ustion engino. A reJriijvnftiiKj uidt'hifie (Fig. 356-J/) is 


tf/zwA- A*/,”-/-; Vfy/K'r VlrpcT ^ejecfs 

Ur.tf/rrfr, ffcatlkir^ 


^ ^ UV/siT 


\ Com(fm€r 

e 




j..Mr/>orMt,orM //mf /ft-re — . 

1 1 ■ • ■ \ w ‘ ' ■ ■ ■ ■ ' ''• '• f lii" it’ I* J- !‘:t. i 

pr'll;-;.-. r' 

vWsWWNSvFij - vjp. ■ ' vS 

7h;y/i /iVV/z/'Z/v-vJ! - ■■ ■■ ■' 

m/vr /<> IM 

Hoikr iKf/rr 

Power P,„nt 

Fia. 350,-— Slunvinf'c Uhi ilUTfroiHM' h('iw<M'n n hml. wnl a iTiachine, 


i- 

> ,1 M pp- ' 

Oir-Av'- ’ n y- 


any maeliine which ntilizess me<diaai<‘a,l (or oth(‘r) energy to 
accomplish the txanshu," of hcuit- iuiergy from on<^ hody to a 
relatively hott(U' hody; s(m^ a-lso Div. 18. A refrigerating 
machine may therefonj be (nUkal a. hml pump. Generally 
speaking, if a hoatxmgine (^yck^ is rewcu'sed (the processes, 
Sec. 402, performed in the r(W( 7 S(^ dinadi(>t)i and reverse order), 
it becomes a refrigerating^-machlne cycle and vice versa; 
the reversal of the cycle is not possibk^ liowcver, with aH 
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heat-engine cycles. Since heat engines and refrigerating 
machines operate on cycles, as stated previously, the import- 
ance of studying cycles becomes apparent. The usefulness 
of studying cycles is further explained in Secs. 406 to 409. 
In this division, the more important heat-engine and refriger- 
ating-machine cycles will be discussed. 

Note. — The three essential elements op every heat engine 
and refrigerating machine are: (1) A hot body which serves as a 
source of heat for a heat engine or as a receiver of heat for a refrigerating 
machine. (2) A working substance. (3) A cold body which serves as a 
receiver of heat for a heat engine or as a source of heat for a refrigerating 
machine. During the operation of a heat engine., -heat energy leaves the 
hot body passing to the working substance by means of which substance 
a portion of the heat energy is transformed into mechanical work; the 
remainder of the heat energy is rejected from the working substance to 
the cold body so that the working substance may return to its initial 
condition and be ready to start a new cycle. This operation is explained 
in following Sec. 410. During the operation of a refrigerating machine 
(Fig. 356) heat energy leaves the cold body passing to the working sub- 
stance which, by means of mechanical work done on it, is made capable 
of rejecting the heat energy to the hot body. This operation is explained 
in following Sec. 433. The working substance may be a solid, liquid, 
vapor, or gas — although, in engineering, vapors and gases are most 
commonly used- A heat engine utilizing a solid body as a working sub- 
stance is shown in Fig. 150. 

404. The ‘Thermal efficiency’’ of a heat engine is defined 
as the ratio of the heat converted into work (output) to the 
heat supplied to it from the hot body (input). This definition 
is quite general. Inasmuch as the work output of the engine 
(at the shaft) is always less than the total work resulting from 
the conversion of heat, the thermal efficiency may be con- 
sidered on the basis of either of these two quantities. It 
should, therefore, always be clearly understood and stated 
on which basis the thermal efficiency is considered (see also Sec. 
436). In the following sections, the thermal efficiency will be 
considered on the basis of work which actually (or theoretically) 
results from the conversion of heat energy. The definition 
for the term as herein used may be expressed by the formula: 

(283) Thermal efficiency — 

Heat converted in to work rdecimaD 
Heat supplied from hot body 
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It is obvious from { Ih* ion that t‘n^iiu\s with high ther- 

mal efiirien{*i('s an* mon* dosirablo thau an* (*ngmes with 
low effi.(*ioii<*i(*s. 


Example.' A pn^iia^ (Mg. i 20 ru. ft,, of a gas (oach 

cubic fot)t n^pn‘H(‘n(ing; otH> tbt.u.t in iIf‘\ <‘lo{)infii; 1 hp.~!u\ Wliat is its 

thermal ct!ici(*n(*y? Solctmun. Olm htiti i^uppliiti - 20 X 500 =: 
10,000 /Aba. Sinc<* 1 hp.~iir. 2,r» lb H.t.u., by ibjr. (282), iluM/ierwaZ 
ejficieney (flcat comrrtt'ii ijtio jcorAo supplied from hot hody] 

= 2,545 to, 000 0.2545 or 25.45 per rent, 

405. The ‘^coefifiicient of performance^’ of a refrigerating 
machine is dofuu'd as (la* ratio of tlu* }n*at a bs trap tod from 
the (‘old ])ody (oulput) to Un* lutat o(|ui\‘ahmf of th(* energy 
recpiirc^d (input). As with thermal (‘dicicmaos, tin* eoc'fficient 
of pcrformaiict^ nuiy b(* consid(‘r(‘d ou tin* basis of the work 





•Fio. 357. — What i.s t.lui Uu'nn.nl 'tSlL 
CUUKH.V ? 


7eiit Shsm Thi'f 5f'!A'W Mu. .Cold 
Afr / efnvcte. r leT- }hur. J Room 



fV'urjt A'/ir Vr> AUiUx'UM iuivr’Af Rah Of S Hp.. 


a.'i.S, What ift 0i»> cocinciwit of 
pft fornuuKM*? 


actually done on tlu* working substama* or on t in* basis of the 
work intxit to tlu^, ma.chin(‘ at its shaft. ( )n which basis the 
coefRckuit of ptudorma-nct* is I)(*ing considonsi should always 
be clearly stated and imd(*rstood. In th(‘ folh>wiiig st'ctions, 
the coefhetent of pcrformaiua* will lx* (•onsid(‘r(‘d on tlie basis 
of the work actually don<^ on tin* wttrkitig snbstancm The 
definition for the ttwni as lu‘ndn ustal may bt* uxpn'sst'tl by 
the formula: 


(284) Coefficumt of perform atico — 

Heat ohAlraHvd from void body . , v 

Jlvat vqaividrni of vtivryij supplied 

It is self-evident that a high ccH‘fii(‘i<n,tt (jf p(*rfonnance is 
desirable. 


Exami>le.-“A tc^Ht of an ammonia r(*frig<‘rnf ing plant (Fig. 35B) shows 
that 5 hp. is expemded in c.omprt'Hsing (he ammonia, whih* 50,000 B.iu. 
per hr. is extra(*4/(id from (.In'! c.old room. What, is thti cocflicient of 
performance? Solution.— 8incci (Hcul 82) I lip, 2,545 B.t.u. per hr., 
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5 hp. = 5 X 2,545 = 12,725 B.t.u. per hr. Hence, by For. (284), the 
coejficient of performance = {Heat abstracted from cold body) / {Heat equiva- 
lent of energy supplied) = 50,000 12,725 = 3.92. 

406. The various cycles provide ideal ultimate goals for 
judging or comparing the actual performances of the heat 
engines and plants of the various types. These cycles — which, 
remember, are ideally perfect — are useful concepts in some- 
what the same way as are the ideas of “a perfect gas” and ''a 
frictionless surface.” Thus, as will be shown, the cycle 
efficiency of an engine or plant can be calculated (on the basis 
of the actual temperatures which obtain in the plant) on the 
assumption that the engine or plant is operating in conformity 
with one of these ideal cycles. This efficiency will then show 
what proportion of the heat input to the engine or plant would 
be realized as work output if the plant were actually operating 
in accordance with the processes of the assumed ideal cycle and 
through the temperature ranges which actually obtain for the 
engine or plant. 

407. The usefulness of studying cycles, as is hereinafter 
done, lies in the facts that: (1) The study of any cyclic, series 
of processes reveals (from a consideration of the proposed 
thermal conditions — temperatures and pressures), without 
actually building a heat machine — or plant — to utilize the 
processes, an upper limit or maximum which the thermal 
efficiency or coefficient of performance cannot possibly exceed. 
(2) The study of cycles reveals in advance the effect (upon the 
efficiency or coefficient of performance) that will follow from 
changes in the condition of the working substance at different 
phases of the cycle — for example, the effect of changing the 
temperatures between which a machine operates may be 
foretold. (3) The study guides designers and inventors by 
revealing how much and in what manner the actual efficiency 
or performance of a given heat machine or plant falls short of 
that of a theoretically perfect machine which operates on the 
same cycle. (4) Cyclic study also enables comparisons to be 
made between different heat machines or plants which operate 
on the same cycle but with different temperatures — compari- 
sons of the degree of perfection of the actual machines or 
plants. 
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{^]XPLAN'ATI<)N’', “ 'rfn':U.\IAl. HFl-'irn:\rlKN VNU PnHKFU'IKNTS OP PER- 

formanop: ravk fi'I'Mr uMri’s an m \xnirM'% uKVKsmsr. ox the nature 

OFTHPJ pu< x’l-JssF.s WHiFH F( ixs'i't T’l -'rF rni: ru'FK. .'umI {>11 till' t Piuporature 
Hjui eonditioH of lht‘ working siih’^tanr** ;tl jiliasos {)f (he cycle 

Heat maeiiiiH's <ii(T<'r in (hi.s way front liHM'hauiea! and {‘Ifc! rical machines 
Mec'haiiitail and (‘leetrical inaeldiiea ean 1 hfor»H t{*al!>’ Oe eoHstructedso 
RH Ot hav(‘ as liigh uti tdrteit'rK'V ns desinal HM) {M*r fciil. laang the. limit. 
Fraxdiieally, I ht' oflieioneitss. of smdt tnaeltim^ «'amiot }><* niadt* (luite 100 per 
(uaii., hut tlu^v <‘an, hy proper <iesigij an<i etuisfrueliott, !>«• made reason- 
ably near this liiidt. MhaUrle uio({»rs, for evaioph*, have la*eu made with 
edicituKheH n,s high as (.(S ptu’ eeiit. Heat m.aehiuey,, ho\v<‘vm\ ha. v(‘ always 
a.ii upper Hunt of (dlieietiey Jiiuidi les.s {(tao ItMl p{'r rent, for ht‘at engines 
- -which they cannot possibly (‘xcummI. d'he n'.asou for (his limit is that 
it Is not haisihh' (o r(‘jce( heal a( any lemper.at ure itelow that of the 
coldest nearby natural obj{a*t. The vahie of (his uf»p(‘r limit is deter- 
luiued by idie cycit'. upon which Hu* heat ina>*hin(‘ operates and hy the 
thennal coiuiitionS” t«unperatnre.s and c*()n«lit ions of (he working sub- 

stance at dilTereui phas(*.s of tlu^ eyeha 

EXPLANA'rXON.”'” "TlIJ'J KFFI-avr OF FHWUINci t'ONOi rtONS OF THE WORK- 
1N(} StTRSTANCn:; nURlNU A <’T<'LF M.W UF. KORFTOI.I) HV fYOLie .STUDY by ' 
calculating the uppevr limit of (henn.’d (dhei<‘ney or co<‘dieieut of per- 
’*fomianoo for the new and llu! old <’ondi( iotts, 'I'hu.s, (la* {‘t'lVet of iiutreas- 
iug the boiler 'pressure upon the (dradeuey {>f ;t .sfivuu power plant (Fig, 
361) may be foretold vvit.ii naisonabh* amairaey by eomputing (I\e upper 
limit of the thennal etliidtau’y of its eyelt‘ umler b«>fh ih*' old and now 
conditions. Thins, (\veli<‘. study indieat<‘s to powoT-plant <h‘sigm‘r.s what 
plant conditions will lx* ,ino.s(, (‘eoiumdenl. 

Explanation."— C l Yonio stoov rkvkals oiscuki* weins lii-’/rwEEN 

ACTUAL AND THKORKTKWL KFFK UFNl U K.S AN'U I'FRFORM A .N'FKS, — By 

comparison, it may h<^ asciuiaiiuxl why a giv<‘n heat (mgint' or rt'frigerat- 
irig machine or plant fails to fuHill the ( h<‘on‘t ieal {‘xpeeintions. >Such 
comparisons ma,y then bit usmi as a. guide by <le.signi‘r.s and inventors in 
directing their efforts. Hu(*h eouiparisotns havt* probably luxai the 
stimulus in producing the compound aiul uuiBow steam t'ngines and the 
successful steam turbiiuu 

Explanation.— Chu;LEH m.-vkh possuilh comj’ arlsons a.s to dkuubb 
OP perfection between different UEA'i’ MAciiiNHs wluidi uiilHc the 
same processes but with different eoiuli(iou.s. d'hus, wlum n dt^signer 
builds a machine to operate urnhw conditions ditlVrent from those under 
which his former machines operat(‘d, Im may (by eomputing the. cylinder 
efficiency, Sec. 436) ascert-ain whether the new machine exhibits the 
same degree of perfection as the r<,>rmer mat'him^H - if it does not, ho may 
have to redesign the now machine. 

408. The reason for the existence of the various cycles 
such as the Carnot, the llankine, the Otto and the Diesel 
cycles (all of which are discussed hereinaftw’) is this: Each 
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(except the Carnot) provides a sequence of ideal hypothetical 
processes which are to a greater or less degree approximated 
and approached — but which, because of unavoidable losses, 
can never be realized — in the actual performance of a heat 
engine (or power plant) of some certain type. As will be 
shown, the Carnot cycle comprehends the sequence of processes 
that will give the maximum efficiency possible for any heat 
engine. The Rankine cycle employs a sequence which 
provides a standard for steam power plants. The Otto and 
the Diesel cycles provide standards for internal-combustion- 
engine plants. 

Examples. — In the example under Sec. 4-19, cycle efEciencies of a 
steam power plant are considered. In this plant, the boilers deliver 
steam of 95 per cent, quality to the prime mover at a pressure of 125 Ib. 
per sq. in. abs. (344.4° F.). The prime mover exhausts into a condenser 
in which the pressure is 2 lb. per sq. in. abs. (126.15° F.). For this plant 
(as there shown) the Carnot’-cycle efficiency is 27.2 per cent.; the Rankine 
cycle efficiency is 24.6 per cent. This means that no theoretically- 
perfect heat engine (or plant), regardless of how effectively it was oper- 
ated or how perfectly it was constructed, which received its heat at 
344.4° F. and rejected its heat at 126.15° F., could possibly have an 
efficiency greater than 27.2 per cent. — which is the Carnot-cycle efficiency 
for these thermal conditions. That is, with the temperature range 
stated, it would be impossible with any sequence of processes or with any 
heat engine, regardless of how perfect, to convert more than 27.2 per cent, 
of the received heat into work. Similarly, the Rankine-cycle efficiency 
of 24.6 per cent, means that no ordinary steam power plant operating 
under the steam conditions specified could have a thermal efficiency 
greater than 24.6 per cent. 

409. Cycles are most easily studied by diagrams which 
are called cycle diagrams (Figs. 360 and 362) and which 
serve as pictures to relieve the student of the necessity of 
holding in his mind so many different quantities as are gen- 
erally involved in cyclic problems. For the study of cycles, 
as will be shown, the 'pressure-volume diagram and the tem- 
perature-entropy diagram are most convenient. With these 
diagrams it is possible to picture the changes in pressure, 
volume, and temperature of the working substance, and often 
to represent by areas the work done and the heat added either 
during any process or during the entire cycle. 
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XtVl’E. C'vrLHS MtK Vt.W'AVr* itfrU’UEM-SNTKII ON THE FKKKKimE-VOL'DM 

AND ON THK TKM DKH A‘l'l 'UE-HN ntnpv l*!*\NKs Hv OLOSKI) DIAGRAMS as 
will bti evitit^nl from a i*oaHi<h*rati<ifi of tha oxaniplcH which follow. ' 

410. The simplest cycle, probably, is that of the non- 
expansive engine of whii^h the* sttNini tnul of a diroct-acting 
sUaiin |)mni), Fig. 359, is n <-otninon oxauiplo. Ho far as the 
nia(‘hin(‘ itsolf is oon<a‘ro(Hi, tiu‘ cyolt* is hrithly this: The valve 
being iu th(^ posiliini shown, stoani is admit ted from theinlet 
pipe, 7, to the l(*ft. cm<l ui' (h(‘ eylind<‘r (/ \vlu‘n‘ it exerts its 



Fn^. 359, — S(*0,i<)u ihrotigli cylinder and valve <i(’ u dirvvt • lud iar. Nl<‘aia inimp. 

])ressure on the piston, P, and fonass P in th(‘ right. After? 
has been forced to tlie rigid. tlu‘ napiired anioind , the valve, 7, 
is automati(uilly moved rapidly t,o tb(‘ l(*ft. '"rhis admits 
steam to th(i right side of t h(‘ piston a,nd also op(‘ns a passage 
for the steam to flow from t.h(^ hd’t. mul of (/ to tlu^ atuuxsphere 
(through /I). The sbnim tlum fona'S P to thc‘ Icd't. When? 
has moved to the left tlie nsiuln'd amount., V is again thereby 
automatically shifted to th(^ right, (t.o ihn fiosition shown in 
Fig. 859). The cycle has thus Ixam eompl<d<Hl. Inasmuch 
as the weight of steam in thc^ eyliiuhu* C is dithnaud. at different 
times during a cyde, the proe(sss(‘.s e.oust.it.ut.e a pseudo cycle 
(Sec. 402). How the cycle may e.ousidcn'cxl as a true cycle 
and how it may be pictured arc ('xplnimxl Ixdow. 

ExPnANATION.-~Rl5FBBSENTAriOK Ov TbE N ON-KXPANSIVK-BNaiNB, 

Cycle By A Pkessuee-volume I)iA<ntA,M.— AsBume that, ia the position 
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shown in Fig. 359, the volume of the cylinder to the left of the piston is 
0.0075 cu. ft. and that the steam is supplied at 100 lb. per sq. in. gage 
(boiler pressure) or 114.7 lb. per sq. in. abs. This pressure and volume 
may be plotted on squared paper as indicated at A, Fig. 360. The 
pressure of the steam will force the 
piston toward the right. After the pis- 
ton has moved a certain distance to the 
right, the valve, F, is automatically 
shifted toward the left. Assume that, 
at the instant V is shifted to the left, 
the volume at the left of the cylinder 
is 0.725 cu. ft. Now, as the piston is 
forced to the right by the steam, the 
steam pressure remains constant. At 
the instant of shifting, therefore, the 
pressure and volume are as represented 
by Bj Fig. 360. Also, the process dur- 
ing which the piston was forced toward the right is represented by the 
straight line AB. As shown in Sec. 262, the area FA 15.2/ represents the 
work done during this constant-pressure process. 

Now as the valve, V, is quickly and automatically shifted to the left, 
the steam is released from the left side of the cylinder and flows into the 
atmosphere. The pressure on the left side of the piston therefore 
decreases from 100 lb. per sq. in. gage to 0 lb. per sq. in. gage (14.7 Ib. 
per sq. in. abs.) in a very short interval of tim^ during which the piston 
has (practically) not moved. The left end of the cylinder therefore holds 
0.725 cu. ft. of steam at 0 lb. per sq. in. gage as represented by the point 
C, Fig. 360. Line BC represents the process of releasing the steam 
pressure in the cylinder. Since the area under line BC is zero, the 
diagram shows that no work has been done during this releasing process. 

As the piston is now moved to the left, it forces out the steam at its 
left. If it forces out all but 0.075 cu. ft., then line CD, will represent the 
exhaust process and the area ECDF will represent the work done in 
expelling the steam. The instantaneous (practically) rise in pressure to 
100 lb. per sq. in. gage when the valve, V, is again automatically shifted 
to the right is represented by the line DA. Since the area under DA is 
zero, no external work is done in raising the pressure. 

Thus, the entire cycle for one end of the cylinder is pictured on the 
pressure-volume plane by the closed diagram ABC DA. The cycle for a 
non-expansive engine of given dimensions and working between given 
pressures would be represented by the same pressure-volume diagram 
regardless of whether the working substance were steam, air, or any 
other gas or vapor. The temperature-entropy diagram would, however, 
be different for different working substances and for the same substances 
working between different temperatures. 

Explanation. — Detebmination Of The Temperattcjres In The 
Non-expansive-engine Plant Cycle. — Before constructing the tem- 
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Fig. 360. — Pressure-volume diagrairx 
for a non-expansive-engine cycle. 
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perattHv-tMii roin- tliai^raiii > Kitv .7^.2 -> i? i- ncaa..;;.ary h, know the exact 

coiHlilion <*r tho uorkiu?^ tlnii! at mn' ptmt# iat i jjj iha cycle Pur 

lliennorr, as suRKost tri Sot*. U)2, th.* ryolo i,,u,vf {»,* cunHideretl whl' 
n*s{K‘rf In tfio i‘nUn‘ pian( in witiclj th*- v,iv.‘n in.Mfhinr fnniis hut cme part 
Now, for flu* n<»nn‘\pan,sivo snenu nngim* f Kii;-. which was explained 
ahovtMi.s.snnu* that the plaiii ■; ef t ht* «•< juiimii*ut sltown in Fig 361 

Assunn‘ furllier tliat tlic water in the tank. //, i,. at t!i{‘ t<‘mjKvrahirc ^,1 
212' h\ H will he .shown iaferwliy 212 K used. 'Fhe water in pumped 
!).v a small pump, /•'. fnnn // info a Indh-r, /?. in the wa I {‘r Ls heated 
;uid ewaporah'd; it leaves H a-< dry aatrirated f<-am at IfH) lie per sq. in 
p,'a|»;(‘. 

'rh(‘ tlam pa.s.ses to the pump, ,!, e hirh is the non-expansive 

{‘Ugine t h'in;. dot)? under tamsiderat ion. Ihnup d dt>e,s uu'ehanieal work 



I'Ki. -An lUcaru powiM' lUjnif (a nuninet}.' I't.uifi ijNiiiK Hioiin iiori- 

\ i l.v. 

by (Irjiwinp; \vud<‘r from tht' well If ami foreinp; if out, artuinst a pressure, 
through I). Alter he-ing us»‘d l»y ,1^ the steam is rejeet«*d t h rough pipe i? 
into tank If. A portion of flu" water delivered hy .1 is admit tcaliuto a 
perlora.t(id pipe, Ak in //, hi falling llinmgh the .stt‘um in //, tlu' water 
from H eotidenHos n portion of (he steam therein ami is flu‘n‘hy heated 
to Uio iomp(wat;ure: of (.In*, .sttuim. Sim*e (he tank ts opeii to (fu‘ atim®- 
phere, the stfuiin will het at- 212'* lA iSima* not all of ( la* steaiu is con- 
densed by the wat-(u:‘ from It, l.ho remainder will pas.s out through the vent 
pipe, V, into the atmoHpluwt*. 'ro nmke the eyeh* eomplet(‘, assume 
that this steam is fornHuI into (douds whieli an* t hert pr<‘(!ipitated as rain 
(Pig. 354)-“ the min wat<*r Ixung ndfinuai to Ilk 
Note.— T o Courmla'S'e Fkjh. dbO Ahu 3b 1 , nsHnnu* tiait hu flifuent water 
is pumped from II to B (Fig, 3(H) to jiint prc»duca‘ 0.725 eu. ft. of dry 
saturated steam at 100 ll>. {)er H(p in. '"riu* haal |>ump ,A’ (Fig. 361), 
raises the pressure of this water from praeiieally atuntwpheric pressure to 
100 lb. per sq, in. gage. This eorrtwpqmlM to procaws IJA, Fig. 360. ' As 
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this water is evaporated in B (Fig. 361) it passes to A and completely 
fills the cylinder end and pushes out the piston; this is process AB (Fig, 
360). Then, as the valve in A is shifted, this steam is released and its 
pressure immediately decreases to atmospheric. This is process BC 
(Fig. 360). Finally, as this steam is exhausted from A (Fig. 361), it is all 
transferred to H, part by way of the atmosphere, clouds, and rain, the 
other part by condensation in H. This is process CD (Fig. 360). 

Explanation. — To constktjct the temperatuke-enteopy dla.- 

GRAM FOR THE NON-EXPANSIVE ENGINE PLANT OF FiG. 361, lay off 
scales OY and ON (Fig. 362) on cross-section paper. Temperature- 
entropy diagrams are always constructed for 1 lb. of the working substance. 
Hence, the point D of the cycle (Fig. 

360), since it represents water at 212° 

F., may be plotted on Fig. 362 at D 
(the entropy value is taken from the 
steam table) ; temperature and entropy 
of the water are unchanged by the 
feed pump (F, Fig. 361); the point D 
(Fig. 362) also corresponds to point A 
(Fig. 360). In the boiler, the heat 
which is first added to the water raises 
its temperature to the boiling point 
and then evaporates it at constant 
temperature. The heat added to the 
water in the boiler is represented by 
the area D'DABB' in Fig. 362. The 
process BC of Fig. 360, although it 
appears to be a constant-volume 
change, is actually very nearly a constant-heat expansion — the steam, 
being released from the cylinder, expands without doing external work. 
Hence the release of the steam may be represented in Fig. 362 by the 
line BC. The area B'BCC' represents heat added to the steam during 
this expansion by friction of the stea?n. As the steam is then condensed 
at atmospheric pressure, heat is abstracted from it, as represented by the 
area C'CEDD'. 

Now, it will be convenient to construct a slightly different temperature- 
entropy diagram from DABCED which would also conform to the pres- 
sure-volume diagram DAB CD of Fig. 360, but which would represent 
a cycle during which no heat is added to the steam by its own friction. 
To do this, assume that, instead of releasing the steam from the cylinder 
at B (Fig. 360), heat is abstracted from the steam so as to decrease its 
pressure to 14.7 lb. per sq. in. abs. without changing its volume. This 
process would also be represented by line BC in Fig. 360 but this would be 
a frictionless process. This process would be represented in Fig. 362 
by BCi and the abstracted heat would be represented by the area 
B'BCiCi. To condense the remaining steam at Ci, Fig. 360, a quantity 
of heat as represented by CfCxDD* must yet be abstracted. Hence, the 


io 


0 0.5 1.0 1.5 

•Entropy Par Pound 

Fig. 362. — Temperature-entropy dia- 
gram for a ixon-expan&ive steam-engine 
cycle. 



386 


uh:\r 


[Div, 12 

totnl hvai aimirmiv^t is l»y thr an*n 

tu) fri<‘ti<)n (u-curs in this iltt* tij}f«*n‘r}r«* lM‘i\v»M*n tin* iH'at added and 

tiH‘ lu‘at nhstnuhtsl iniist giv<* th<* nxtt'rnnl work dmic. fhaic.c (ar 
jyDABB') — iartas />7>r,/>7f') ixtirnal (mrk (Hluidodin 

1%. 3(>2). 8inc*e tin* tfm{H‘rattir<‘’t*ntr«»py (Haf^ram is aouHtructed for 
i ll>. ofst-iaini, 1 ha slia<it‘(} an-a mpmsmts the avtcrnal work <ionGl)yii|3 
of sictuii in tlH‘ of Fiji;. 3o*J. 

411- A convenient method of comparing engines of different 
kinds is to calculate the efficiency they would have if they were 
working on a perfect cycle (Shoaly) iu which case* tluy would 
(a)Mv<n’i. into work tho largassi possihh' proptu'fion of the heat 
siippIuHl to tlann. In this perfed rijt'lt\ all of the' h( ait taken 
into tlu^ (‘iigino is at the* niaximuin t(‘inpcrat urt* and all of the 
luait is n*j(*ct(‘d froni the* (‘iigine* at the* minlnuint teanpi'raturo. 
HeiK'o, all of the* lu'at whi<*h is ntilize‘d \\y the* (‘ngine* is (‘hanged 
into work l)y falling through (lie* gre*ate‘si possihle* range of 
t('ini)(*ratur(\ dliis e'nahle's the* e'ngine* (o p«*rforiu the* greatest 
])ossibI(^ amount, of work. Sue*h a cye-h* is calh‘tl Carnot/s 
eyckn 

412. The Carnot cycle is a theoretical heat-engine cycle 
'wdiieh was (I(W’ise*d by a, hh'e‘ne*h s(*ie*ntist naine'd Carnot, 
])riu(‘.ipally to show, as will be* shown lawe* {Se*c. •116), that the 
(*ffiei(*n(*y of a/iy he'at- e'ugine* e*aiinol ('xe*t‘(*<{ a <*{*rtain value, 
which (l(*|)('n(ls on the* inaxiiiunn anei nuuimum (e*nip(*raturos 
of the working substane*<* during the* e'vcle*. That is, as is 
explaiiKai in Scan 416, the* e*trtcie‘ne*y eif (he* ( 'arnof e*ngitit*(‘annot 
be exceeded by any other lu*a.t (‘Ugine* e)p(*raling with (Ik* same 
hot and cold bodices. No at((*mpt lias e've'i* b(*e‘n made* to build 
a heat engine t.o ope'rate on the* ('arnot cye'h*. If su(‘h an 
engine were built, its size* would be* so gre‘at with re‘spr*e*t to its 
power output that its ineehanical losse's woidd far offse‘t the 
gain over otlieu’ (mgin<*s due* t.o its iiighe*r e*Oie*ie‘ncy. The 
Carnot cycle is (*xplaia(*d be'low. 

Bxi»lanation'.----'T}h‘, Carnot. (‘ngine> (Idg. .TkP pr(*snp|>oH(*.s for its 
operation; (1) A hot body as a Hourc*e^ (4 he*a(, //, whose^ It'inpe'rnture 
remams constant (Ti/) no inaldcr he>\v ium‘h he*at is nhHiraedtHi from it. 
(2) A cold body as a reexuvew of boat, f*, whose* tomix'ruiiin* reunains 
constarxt (Tc) no matter how nnu'.h hemt is ad(h*el te> it. (3) A cylinder, 
0, with sides which are perftu'.t nou-condiiete^rs of heuit and with an end 
which is a perfect conductor of heat. (4) A piston, e>f perfeictly non-' 
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lieat-conducting material. (5) A block, i?, of perfect hcat-insiilating 
material. The working substance, G, which may be either a vapor or a 
gas, is enclosed in the cylinder between the piston and the conducting 
end of the cyhnder. The cylinder must be so arranged that H, C, and B 
can at will be placed against its end. 



l-Exp«ncilinoj IC- Expanding H- Compressing 12- Compressing 
Isothcrmoilly Adiabatically Isctbcrrr a'lg Adiabcttically 
(Heat Conducted (No Heat Is Con- (Hec.-- Ccr. ducted (NoHeacls Con- 
Through Cylinder- ducted To Or From Through Cu'.-ndcr- ducted To Or From 
H^ad Keeps Temp- The Cots) Head KxecsTerrp' TheOdS) 

erdture Constant) erat,-e Cor stent) 

Fig. 363. — Carnot's engine. 


Assume for the present that the working substance is a gas and that it is 
confined in a small volume and at the temperature (Th) of the heat source, 
H, as shown in Fig. 363-7. Let the gas expand slowly. Its temperature 
will tend to decrease but, since the cylinder end is a perfect heat con- 
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Fig. 364. — Pressure-volume dia- 
gram. (general) for the Carnot 
heat-engine cycle with a gas as 
the working substance. 


Fig. 365. — Temperature-entropy 
for the Carnot cycle. 


dnetor, heat will flow from H to G and maintain the temperature of G 
constantly at Th. After an interval (77, Fig. 363), let H be removed from 
the cylinder end and let B be immediately put there. Let the expansion 
of Q proceed. The expansion will be adiabatic because no heat can now 
flow to or from the gas. When the temperature of the gas has been 
lowered to that of the heat receiver, let the expansion he stopped and let 
B be replaced by C (Fig. 363-777). Let the gas be now compressed- Its 
temperature will tend to rise but, since the cylinder end is a perfect heat 
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or, hvt\t wilt th»\v from (t to (' ainl luatnf ni!* ilir 
{•osistaiitly at Tr. la‘t thr iNutliarinal «*oin{» 0 ‘>>.!«iri atop{Kal at sucli^ 
point, (/r, that, r ivpl.-MMul i.y n, •“{’•'hath: e<>mpressil! 

to tlio initial \’<tluino las in /> will inoroaso tin* f rrnpnra f urt‘ of ^ to T 
and thus r<‘ston‘ tho |i;as tn its initial i'ondition. ’“rho iu’('ssun'-v(>lun\e 
<liag:rain of tiio (‘yrlo w ill appoar as show n in !‘'ij 4 . ;hU. Tin* tiauperature- 
out ropy diagram will appoar as shown in h‘ip^. dho, 

Notk, I'r ion.Low s FH<ni Tin-; \no\ k nKsoun‘Tio\’ <>F the caenot 

OVOnE TH AT <'EUT\IN HEL \TlO\S Ml s T E.MVr nK TWEEN THE PRESSURES 

ANn voiufMES of tho lA’us at lhi‘ tiirtVrt'iit p<hn(s .1, /», />, and JC (Fig 364) 
As siaiial abov<‘, the isojlnuaual oojnprosNion /// must raasi* at just the 
rigid point. By applying Idu’. B-dlB to tho adiahalio prtHU'ss //, there 
rosulls; 


(, 28 d) 



(volume) 


W'htua* k is lh(‘ adiabatic n\p(»nont tC/- Ch t. B.nt, sima* T// = T// and 
T/> To, Id)!’. (2X5) may B«‘ written: 

I 

(2<Sf)) Tf, } * (volume) 

Ijikcwist;, by applying For. t2dh) to t be adiabatic ]>ro(*e,ss /F, there 
r<‘svd tn : 

I 

(387) r .4 .(volume) 


But., since T/.; — T^rand T,i Tn, h'or. t2S7) may also be wuitteu: 


(388) (volume) 
Or, by tra,ii’Hi)(>Hing 

(389) V7-; ' * (volume) 

Now, from Furs. (289) ami (289), there ean !»e w'rit.fim the proportion: 

(390 ) b'' /> : /#: : F K ; F a (proportion) 

In a similar manner it. can be hIiowh t hat : 

( 291 ) PAtPurMirMj. 


(proportion) 
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413. When a vapor is used as the working substance in a 
Carnot engine, the pressure-volume diagram generally will be 
different from Fig. 364 (only if the vapor remained superheated 
during all of the process would the pressure-volume diagram 
have the appearance of Fig. 364). The quality of the vapor 
(if it is not always superheated) will be the least either at the 
beginning or end of the adiabatic compression {lY, Fig. 363). 
If, during this compression, the vapor is very wet, the quality 
will be least at its end; if the vapor is quite dry, the quality will 
be least at the beginning. Assume that the quality at the end 
of the compression is zero; then the pressure-volume diagram 


- i-harmcrf Exoarr^ian^ 



e '' ; .. o c, ~ c w 4 .. 4 6 S 10 11 14 16 le 

Volume-Cw.Ft.Per Lb. Volume -Cu. Ft. Per Lb. Yolume-Cu.ft. Per Lb. 


I-Steam Dry Sat- 3£-5teotm Slightly m-Stearn Highly Super- 
urated At & Superheated At 5 heated At b 

Fig. 366. — Pressure-volume graphs for the Carnot cycle wth 1 lb. of steam as the 
working substance and operating between the temperatures of 339 and 250° F. (Steam 
entirely condensed at A.) 

will appear as I, II j or III of Fig. 366, depending on whether 
the vapor is saturated, slightly superheated, or highly super- 
heated at the end of the isothermal expansion AB. 

Note. — The tbmpebatijre-entropy diagram for all Carnot 
ENGINES, even those in which the working substance is a vapor, has the 
general form shown in Fig. 365. 

414. The thermal efficiency of the Carnot cycle (see Sec. 404 
for definition of thermal efficiency) may be readily computed 
by the following formula, the derivation of which is shown 
below : 

(292) E == ^ — — (decimal) 

Xh 

Wherein: E = the thermal efihciency of the Carnot cycle, 
expressed decimally. Tii == the absolute temperature of the 
hot body or source of heat, on any scale. Tc = the absolute 
temperature of the cold body or receiver of heat, on the same 
scale as Tjf is -measured. 
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! )KEtVA'riox. Siur<‘ Fig. ar»:* r»*iM'<'s«‘nts th»‘ ( Tor any wo-'' 

ing Ihr arisu AW HIP r*-|»n'Si*i»tN ht^ai, taken from' th' 

source during <uu^ cyclt* tor a givou weight t>f working suhstance LiC 
'vvLS€% the area IPPKA’ n‘|U‘eserits. the ‘•<»rre,M|Hut<hng amount of 
rojenitMi to tin* receiver. I’he dirferenei* lietwetm these two areas 
that is the a,rt‘a AHnh\ ther<'i*i»re represettts th<‘ amount of heat taken 

from the sourei* and no/ rejected to the d1>m <»9viously isthe 

heat whi(‘h is conveiieil into work. 'r}terefon‘, from the definitionof 
t lunuusil el!ieuun‘y ySetn U) Fh 


(2t)d) 


ana AHDH 
arm AWHH 


But, from Idg. d<)5, 


(294) 

and 


arva A* A HIV Ulitilanvv ,!7v*’) X Ta 


(area) 


(295) area AH HH (dnsfuacc .4 7F t X iT// ■ Te) (area) 

Thorefoni, by <Uviiling (2951 by t29t) 

oKun <rreaAHI)H {Tn Te) < {tliftfaum A'H') T;/— Tc 

" 17/ X tdnsh/are .17F) f~ 

and, substituting from (29t>) into (293), tlnme rt\sidtH 

(297) E ’^'7,/'' (decimal) 


wdueli is the sam<* as F'or. (292j 

hiXAMPUo. (rtc'c; also t'xa.mph' umh-r 119.) What is the thermal 

efneieuey of tlu' (hirnot. (\v<4(* if tlH‘ tempernt un* <4’ tlu‘sour(‘(‘ and receiver 
are respectively .1,000 a, nd HO" 17? Soiujtion. By For. (292), the ther- 
mal eflicien(‘,y E ~ (T//— T(,*)/Ta (1,000 — K(B (1,000 -1- 460) 

= 0.63 or 03 per cent. 

Noti3.‘~In FiNoim} Tuw Vai;uh Or* Tuw Tnuxt “T// Te,” It Is 
IJnneckss,ahy To (Ihancu*! MA<m TriMnKUATuuFXro Its Value On The 
Absolute Twmi>J']katuum Soalk, Tl\e difTerenee lahwasm two Fahren- 
lieit temperatures is t-lu^ sa.nu'; as t he difT<‘r(‘a(‘e IxU winm the same tem- 
peratures expn'ased in dtignu's Fahnudndt ah.sohite. 

415. The Carnot engiae becomes a refrigerating machine 
when the engine is snj>pli<'<l witJi tnetdtani(‘al energy and 
operated in the rewerst'. dimdion from ihai- <‘xplaiue(l in Sec. 
412 (see explanation following). In Bm*. 403 it was suggested 
that, theoretically with sonu^ (*x(ui)i.ions, heat' engines when 
reversed become iTdrigc-raihig machines. The ^^reversed” 
Carnot cycle is as follows: 
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Explanation. Assume that the Carnot engine, which was described 
in Sec. 412, is now operated as shown in Fig. 367, the temperature, 
pressure, and volume of the gas in /, Fig. 367, being the same as in /, 



I-EKpotncJInoj Aollotbaii- 
cafly (No Heo«+ Conduct- 
ed To Or From 


lExpanolincj Isother- 
nno(IIy(Heoi+ Conduct- 
ed Through 
Culinder-Heoicl 
Keeps Temperoiture 
Constant) 


DlCompressIng Adfa- 
baticalty (No Heat 
Conducted To Or 
From Gas) 


^Compressing Iso- 
thermoilly (Heat 
Conducted Through 
Cylinder- Head 
Keeps Temperature 
Censtan^ 


Fig. 367. — Refrigerating machine operating on reversed Carnot cycle. 


Fig. 363. The processes illustrated in Fig. 
the pressure-volume diagram of Fig. 368 
diagram will again appear as shown in 
Fig, 365 except that now the area ABLE 
represents work done on the gas instead 
of by the gas." The heat abstracted from 
the cold body (the output of a refrigerat- 
ing machine, Sec. 405) is represented in 
Fig. 365 by the area A'EDB', Hence, the 
coefficient of performance ~ {area A'EDB') 
-r- {area ABDE). Expressed in terms of 
the temperatures. 


367 may be represented by 
The temperature-entropy 



(298) 


Coefficient of performance = 


Fig. 368. — Pressure-volume dia- 
gram for the Carnot refrigerating 
machine with a gas as the working 
substance. (Compare with Fig. 
364.) 


416. The Efficiency Of The Carnot Engine Cannot Be 
Exceeded By Any Other Engine Operating With The Same 
Hot And Cold Bodies. — This is a very important relationship 
inasmuch as it affords a criterion of the maximum efficiency 
that can be attained by any heat engine. The proof of the 
statement follows. 


Proof. — First imagine an arrangement, as suggested in Fig. 369, of 
a Carnot engine, E, driving a Carnot refrigerating machine, E, both 
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ni.*H‘hin(‘s ufilizinjA’ tlir .-.-nitt* h*t{ ;uMf ♦■<»{<! // .-ifid (\ From 

(2iS;FK hy I r:)tisf)nsif inn, tfirn' rnf-tjl?--: Utat .'if ti initt ‘trork ^ 

f'^ifppUt'^l fn>ni kiti funiy^ \ Ejfifit fn-y Vini, fj'nui (292) the 

cllicirncy of ;) InnnM rnjj:;ifM‘ iT?/ ■ T,-* lAi. (-tch unit, of heat 

Ihnt is supplied t'n»iii // P* A', ihnrr will Im* t-nnuTtcd into work; 1 y 
1 (T// Teh 'T//1 t.Tr,- ■ • T<' Tn hoot uniis. 'FI w dilT( ‘ronoo between 
thf siippliotl io E anti tht* hi'af nhifli A'<a»a\<Tls into w'ork will be 
rt'joci(‘<l lo (\ Ibaicn, brat tn ^ ‘ fiH' Ima t unit Kunplied to 

E - I - \ {Tn - TrV Tn\ T,- T« hrat units 



liO'J.- -Iinafon.'U'.v su ra (. of a < dfivinj*; a ( 'uriiot rcfrin- 

('raliiiu’: lajuilina*. 

a7n. -* I tiia?’:iiiary urr.'iin’:cMH‘iit. aiuiilat to ttu’U itf I<j;o -Jt'O Inti liavins <.h(‘ Cnirnat 
rofi'iKi'ratiiJK iuju^hinc <lriv<*n au (‘ar-iat' whirl* i:i jmno rllirii'iu than fhr t'nrnol (if 
t.luH w’cre 

Now, a-H.suin<‘ tJuil. tin* work <b'\a‘lop<‘(l in E is all rxianubnl in driving 
H. Thtui, for o.och lu‘a(. unit supplitMl to A', {,13^ Tti/T/i heat units 
will b(i supj)Ii<Ml, as work, to Ah l^'ront b'or, f2S}}, by tninsposition, 
ihoro rnsults; If fat atintraflvd fro fn void tuHlif {Ctpvjjifivnt of pfrfonmnee) 
X (Work <^ifppUfd). And, I'roni I''or. (29H t, ( bo rtudliritnit of porformance 
of ii Chuaiot ndVifi;(‘ral inji; nuioliino To iTn Tr*). Ibaiee, in Fig. 
■3(')9, for t^acb (T// — T<,')/T// luait. units supplitsl as work to li, there 

will he ahstniei.tMl from Tr/tTa Tr) X \{Th Trl/'T//} - Tc/Tn 

boat units. This btavt., tostdlnu' with (he enorgy stippHtsl to R a, H work, 
will bo rejoo(,o<l liy H la //. n<*u<*(s (luna* will la‘ r<*j<*etod to // {Ta/Tu) + 

[(Ta ■“ Tc')/T,//] 1 luait. It has (be-rebuH* beiai provaul that 12 

returns to If just as nuieh beat as K nhstraiPs from it; also, that 12 
abstnicts from C just a,H inueli IhmiI. as E rejeads to it, Hema‘ the qiiari- 
titievs of boat In C and If nunaiii unebangcal by the Hinudtaneous opera” 
tions of E and R, 

Now suppose^ for the nioin<uiti t bad- tiu're (‘xisls sonu^ caigino which has 
a greater o/neioney than Ply Fig. 3(Hk It would fa* ptissible to use this 
engine to drive a Carnot rcd'rigtwating inaehino m iruli<^aled in Fig, 370. 
This engine, Ei, since it has a greater ofHeieuiey than E, Fig. 369, would. 
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convert into work a greater fraction of the heat that it abstracts from E, 
Hence, for each heat unit which abstracts from there would be 0 on- 
verted into work more than (T^ — Tc)/Th heat units and there would be 
rejected to C less thafi Tc/Th heat units. Also,, since this engine, Ei 
supplies more energy for driving R than did Fig. 369, it will enable R to 
withdraw from C more heat units than did E — more than ’Tq/Th heat 
units. Thus R, Fig. 369, will reject to H the sum of the heat which it 
abstracts from C + the heat which it receives as mechanical energy from 
= {more than ‘T c/’Th) + [more than (Tjr — Tcl/Tir] = more than Ihesit 
unit. Thus, with the arrangement of Fig. 370 more heat would be 
abstracted from C by R than is rejected to C by Eij and more heat would 
be rejected to H by jK than is abstracted from H by Eu Hence, the net 
effect of the arrangement would be a steady flow of heat from C to H. 
But no energy has been assumed to be supplied from the outside to the 
arrangement of Fig. 370 in order to cause the heat to flow from the cold 
body C to the hot body H. Hence it is obvious that the arrangement 
would be one which transfers heat from a body of low temperature to a 
body of higher temperature without the expenditure of energy from 
without. 

The whole arrangement might be considered as a refrigerating machine 
which operated with zero input. Since such an apparatus is inconceivable 
and in violation of the second law of thermodynamics (Sec. 84), it follows 
that there must have been a fallacy somewhere in the above assumptions. 
The fallacy lies in the assumption of a heat engine of greater efficiency 
than the Carnot engine. Hence, no heat engine can have a greater effi- 
ciency than a Carnot engine operated with the same hot and cold bodies. 


417. The Rankine cycle is the standard for vapor heat 
engines ; that is, it is a theoretical cycle which can be much 
more nearly attained in actual practice than could a Carnot 
cycle. In the Carnot cycle the heating and cooling of the 
working substance must be effected within one cylinder (as 
explained in Sec. 412). A cylinder could not, however, be 
made of non-heat-conducting material — hence a great deal of 
heat would be used in heating the cylinder. Furthermore, 
isothermal heating and cooling would, in general, be diflB.cult to 
effect. With the Rankine cycle, however, the heating and 
cooling of the working substance can be effected in vessels 
which are independent of the cyhnder or machine wherein the 
transformation of heat energy into mechanical energy is 
effected. The Rankine cycle is explained below. As will be 
shown, its efficiency is always less than that of the Carnot 
cycle betweeh the same hot and cold bodies. 
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Exin'.AN.'VTioN.- ■ -T!u' ;u*Usal powi^r plaid t Z7\) consists of 

boiler, /i, wlu‘rein water is heiiteil .hihI cn aporated nt- ^‘^»n«tant pressure- 
21 pipe, to k‘atl thi‘ .st<atm from the boiler to the eof»;iju‘ (or turbine), the 
€uigine (or turbine). A', wlierein the .steam is p(‘rmilt(M| to expand* a con- 
denser, (\ t.o winch (lu'.sttuun is exhau.s(e<i frtun Kami in wliich the steam 
is <H)nden8<^d; ami a. ftsnl pump, /*, whi<‘h f<ua*es the \vat(u* into the boiler 
to b(‘^in a new (*y<‘le. Under ideal <*omli(ions, tin* p roe cisses which the 
Wilier undergot's in this pliint eonstitute tin* Itiuddm^ t‘yele. The ideal 



371.“— A HI in pie hUmiiu ptnon- plunt. Fio. 372. 'rjoii-ial prcHmu'c-yolume 

«ii!tr.t'sun for fh«' U an kino cycle. 


conditions arc tb(‘se: Tin* sttuiin, in p,as.sing from H to K, should undergo 
no loss of heat or iiressurm Tin' expiinsion of tin* .steam in E should he 
iulia.batic (iscni-ropie) (Scs*. JhSb) ami should continm* until the prosaureof 
the Htea.ni is redue.i'd l-o tin* pn'.ssun* within the <'«anlens<‘r, (*. Thesteam 
should be (souveycul from K to U without loss «>f pre.ssuri'. ^''luu'.ondensed 
steiiiu sliould leave C iiml (mtiu- H iit the lenipenit ure of t la* lioiling point 
corresponding to tihe pressure* in (\ Bt*eaus(' of h<*at (‘ondue.tion intoand 
througli confining metuil wiills and lu'cjiuse <>f friction of the steam on 
the walls of pipes, the ac.f.ual <'ngiae d<H*s md fuHUI th<*s(* itleal conditions 
(sometimes, also, the ('fxpanstou in H i.s st.oppt'd before the pressure 
I’caches that of the coiulenwu*, Ht*(* H<h*. *l2d,b 

EximANATION.-drilK HANKINK eVeUH KOH 'iUK PU.VNT OF FiG. 371 
MAY BHi piOTxrBED ON THE miEssu HE"VomuME Pi^ANE by llic diagram 
BDEF, Fig. 372. lu this diagrjiin, A re]>rt*sents tlie, volume of a given 
weight of steam as it leav(‘s t.he boiU*r (or Hup('rheut<u‘| ami AB represents 
its volume 2is it enters the boih‘r. H<*nce, /?/> re'preseni.H tint evaporation 
of the water (and superheating if t he* sitatm is Hup(‘rlu‘at ed at />) in the 
boiler. Also, the area und(‘r tlui line Hi) represents the extexnal work 
done in the boiler, DK represeniH the adialuititt (isi'niropie) expansion of 
the steam within the entire eylimhu’ or wit hin (lu* turbine; hence the 
area under DE represents tlie work done by t.Im sltuim tiuring its expan- 
sion. Since OE represents the volume xd the stcuun as it enters the 
condenser and GE represents the volume of tlie water as it leaves the 
condenser, EF represents the condensation of the steam id the condenser. 
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Hence, the area under EF represents the external work done on the steam 
as it is forced into the condenser at constant pressure. The line FB 
represents increase in pressure that is effected in the feed pump (P, Fig. 
372). Since water is practically incompressible, it may be said that no 
external work is done on the water as its pressure is increased in the feed 
pump. Hence, considering the entire cycle, the net work = {area under 
BD) + {area under DE) — {area under EF) = area BDEF. 

Explanation. — The temperature-entropy diagram of the ran- 
KiNE CYCLE FOR THE PLANT OP FiG. 371 will appear as shown in Fig. 



I- Vapor Saturated It- Vapor Slightly Sup- HC-Vapor Highly Supcr- 
At D erheated At D heated At 0 


Fig. 373. — Typical temperature-entropy diagrams for the Rankine cycle. The 
letters correspond to those used on Fig. 372. Note that the diagram may have three 
distinct shapes. 


373 — it will appear as shown in /, //, or III, depending on the condition 
of the steam as it leaves the boiler. The heat added in the boiler is 
represented by the area B'BKDD' . The heat rejected by the condenser 
is represented by the area B'BED'. The difference between the two 
areas, that is the shaded area, represents the heat which is converted into 
work. 


418. The Indicator Diagram Of A Steam Engine Is Not The 
Pressure -volume Diagram Of Its Cycle. — Since the quantity 
of steam in a steam-engine cylinder changes from time to time, 
the steam does not perform a true cycle (Sec. 402) within the 
cylinder. The true cycle can only be analyzed by considering 
the entire plant as was done above. The steam performs 
a portion of its cycle in the cylinder, however, and the pseudo- 
cycle of the steam-engine cylinder can be represented by a 
pressure- volume diagram. When such a diagram is obtained 
by a recording pressure gage (as indicator, Sec. 685), the 
diagram is called an indicator diagram. 
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NoTE.—ThB THROHKTK'AL IN'I>U*ATt>H 1)IA<JEAM ROU TIIH RaNKINE- 

(’YCRE ENCHNiil. (Fig. 374 ) ixiixy 1h* tlniwn from vnlue.s in the atcam. table 
If the cylinder lifwi no (d(‘nranc<* volume (See. 2*lo), ilw t heoretical indi- 
cator diagram for (he Ha,nkiiu‘-<‘yeh* <‘ngin(‘ woidd iippinir as shown at 
ADEG, Fig. 372, in which (he vt4tuue (U*J would (hen represent the dis- 
placement volume of (h<‘ (‘yhnthu* (S<*e. 24o), Al> n‘pr(\s(‘ni.s the at^mis- 
sion of steam from (.he boiler. I>K repn'.serjts (he cx/a/a.s’fort of the steam, 

finer (h<‘ supply fnun the* boiler has been 
eu( oil. E<i represemts the exhaxisting of 
(ht‘ ste.am into lh(‘ cond(u»H<‘r, An engine 
cylituler with eh‘jiram*<‘ would, however 
p<u-form th<‘ sjim<‘ hmet ions just as well as 
on<‘ without, eicfirfunay provided that, on 
th(‘ (‘xhnu.st, St rok<\ enough steam were 
r<djiin(‘d in th(‘ eylimhu- .sty that adiabatic 
compres.si(yn of this .ste.nm into the clear- 
ane<‘ volunu* would ndurn this steam to 
tln‘ .s;un<‘ i>n‘ssun‘ fiml tpmliiy or superheat 
fiM the im-oming stejun from the boiler. 
The dhigrfim from stieh a cylinder would 
app<uir fi.s shown in h’ig. 374. Thelineii? 
represents the volume of shuim admit t(‘d (<y tin* cylinder; CJ) represents 
the volume of steam exluiusted to iht'r ('omhm.ser. 



V o 1 u 

Pig, 374. — ThcoroLical Uaukino- 
cyclo iadicatoi" diajijram for nu 
engine with clearance. 


419. The thermal efficiency of the Rankine cycle may be 
computed by the formula. g:iv(ui ladow. Thi.s efficiency (Sec. 
417) is always less than, tha.i. of t lu^ Chnruol. Ix'twcen the 

same hot and cold bodi(‘s. Sine<‘ (h(‘ Raiikiiu^ eytde is a 
theoretical cycle, no vapor (uigint^ a.ctunlly ha.s an (efficiency 
as high as that givcni by th(‘ following formula. But, since 
the Rankine cycle is thci one': whicdi is <dos(dy followtxl by vapor 
engines, the effi(den(iy valuer as found by For. (299) serves as 
standard or ultimate goal in th(^ p(U’forman(‘e of any given 
engine. The formula is stat.(xl luu'o and is dtudvtHl below: 

(299) E = (decimal) 

Wherein: E == the thermal (dfi(*i(uu^y of the Rankine cycle, 
expressed decimally, Hi ~ total boat of vapor leaving the 
boiler (Sec. 365), in British thf^rmal units |K‘r pound. H 2 = 
the total heat of the vapor after adiabatic^ (expansion (Sec. 385) 
to the pressure of the condenser, in British thermal units per 
pound. h 2 = the heat of the liquid at the temperature of con- 
densation, in British thermal units per pound. 



Sec. 420] 


GAS AND VAPOR CYCLES 


397 


Debivation. — Since, by definition (Sec. 404) the thermal efficiency of 
a heat engine = (work done) (heat added), the efficiency may be read 
from Fig. 373. In Fig. 373, work done = area BKDE; and heat added == 
B'BKDD'. Hence, 


(300) 


Area BKDE 
Area B'BKDD' 


(decimal) 


Now, area OJKDD' = Hi,* area OJBED' — H 2 ; and area OJBD' == I 12 . 
Also, 

(301) Area BKDE — (area OJKDD') — (area OJBED’) (area) 
or, by substitution, 

(302) Area BKDE = Hi — H 2 (area) 

Likewise, 

(303) Area B'BKDD' — (area OJKDD') — (area OJBB') (area) 
or, by substitution, 

(304) Area B'BKDD' == Hi — I 12 (area) 

Hence, by substituting from (302) and (304) into (300), there results: 

(305) E = (decimal) 

which is the same as For. (299). 

Example. — What would be the Rankine-cycle efficiency for a steam 
power plant in which the boiler delivers steam, of 95 per cent, quahty, 
to the prime mover at 125 lb, per sq. in. abs. and in which the condenser 
pressure is 2 lb. per sq. in. abs.? Solution-. — From the heat-entropy 
chart of Fig. 343, Hi = 1,147 and H 2 = 888 B.t,u. per lb. Also, from 
Steam Table 394, h 2 = 94 B.t.u. per lb. Hence, by For. (299), the 
efficiency = E = (Hi - H 2 )/(Hi = ha) = (1,147 - 888) - (1,147 - 94) 
= 0.246, or 24.6 per cent. 

Example. — What would be the efficiency of a Carnot cycle between the 
same temperatures as the preceding example? Solution-. — From the 
steam table, the temperature of the steam leaving the boiler — 344.4° F., 
and the temperature of condensation = 126.15° F. Hence, by For. 
(292), the Carnot efficiency = E = (T^r — Tc)JYh = (344.4 — 126.5) -J- 
(344.4 + 460) = 0.272, or 27.2 per cent. 

420. The ‘‘theoretical steam-engine cycle’^ (Fig. 375) 
differs from the Hankine cycle for several reasons: (1) In actual 
engines the steam is hardly ever expanded until the pressure 
within the cylinder reaches the condenser pressure because this 
would necessitate a very large cylinder volume and such a 
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large volume would oeeasioii large fritiicuial and thermal 
which would overhalaiUH^ the addiiiouul work that would be 
obtained by thc^ conlimi(‘d <‘xpaJhsit)n to eondcuiyer pressure^ 
Thim, in actual (vngines, 1 h(‘ work area. (KUl, Fig 375 •’ 
intentionally not used or is 'dost,” Tho maxiinuni loss from 
this source occurs in tlu^ noi)E-<'xpansiv(^ (uigiiu' (Figs 359 
and 360) in which the st(‘ani is n‘l(‘as(‘d from t la^ cylinder at 

practically sui)ply pn\ssure. ( 2 ) For 
t h<> same reasons as in (1) andtopro- 
vL(l(' sinoodier operation, the com- 
pression of the steam (after the 
exhaust valve is elosed) is hardly 
('ver carried to IxiiUn- pressure, 
('ompression is hegun later in the 
stroke' Ilian shown in Fig. ,374 — 
as shown at. DM, Kig. 375. The in- 

online indicator diufsram Hhowiuf? (‘OUling st<‘a,m milsl, t h(a*efore hpln 
losses due to inconiitlote cxpauMitai , f'll 41 1 ^ 

and late com pressiou. t llO (‘l(‘ara n<*(* this 

eidtiils a. loss as shown by the area 
EAF, Fig. 375; whiedx is also usuaJIy v 7 //ca/d;na/. Hence, the 
indicator diagram 77i67/, DA’; Fig. 375, n‘pr(‘s(‘u1s the theoreti- 
cal steam-engine psc7Mh-eyoU\ Aliis ryrlo is sound inies called 
the modified Rankine cycle. It isnot- convfuduuit to draw either 
the pressure-volunn^ or t,hc t<unp<‘rat un‘-<uif ropy diagrams of 
the true steam-engine cycle. 



Volume 
Fig. 375. — a'iioorctical 


Note. — The acttjax.. stkam-.en“<unu inuic.xtoh uiAtatAM tlitTers from 
fclic tlreoretiicjil bccaiiHi^ of Iohhcs, tlH' iirjiicjpel IoHiSc^h hcing', 

(1) Loss due to steuni fetction us the st<‘.'uu flows {hrou|Li;h (Ih*; supply and 
exhaust pipes and through the vahass of (lu* <‘ngin(*. 

(2) Loss due to hecit cibsorhed tt?ul tig tlo* mdul cyliudcT and 

piston. The parts of t,he (iiijijinc! with \vlu(*h the st(*ani coiitfLcts will tend 
to follow and attain the t<aniH*rat.ur(^ of tlu^ stiaun. (’ertain parts of the 
engine, the valves and pipes, will always Ik* in <*(aUa(*t with steam at 
practically the same teniperaturt* h(*iH*e, after tlu* (vngijui has been 
operating for a sliort while, these* parts will no hatger ahsorh heat from the 
steam. The piston and cylinder, however, ar<‘ <*xp<»Ho:d to I lie steam as it 
expands-— hence, as the steaiu«tetnp(*ratun* rises anci falls, the tempera- 
ture of the walls will tend to rise anrl fall too. When steam from the 
boiler enters the cylinder, it will giv<‘ up a portion i>f its licat to the 
cylinder walls and piston. After the steam has tmpamled somewhat, its 
temperature will bo less than that of the walls and it will then absorb 
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the heat from them. Thus there is a continual interchange of heat 
between the steam and the cylinder and piston. This heat interchange 
occasions a loss of energy. 

(3) Loss due to radiation. The steam is, from the time it leaves the 
boiler until it is exhausted by the engine, within bodies which cannot be 
well enough insulated to prevent the flow of heat through them. A small 
amount of heat is lost in this way. The sum of the losses due to the 
above causes and due to the difference between the theoretical steam- 
engine cycle and the Rankine-cycle is shown by the shaded area on Fig. 
376. 


^Xleartunce Volume 


• ^ DhpJofcement 
^ - - Vo 'umif >> 



421. Steam engines may be operated as air engines if they 
are supplied with air under pressure instead of. with steam. 
The theoretical indicator diagram 
for an air engine appears almost the 
same as shown in Fig. 375, the chief 
difference being that the expansion 
line EG has a slightly different slope. 

Such air engines are not generally 
suitable for power purposes because of 
the difficulty of supplying compressed 
air. For certain uses, however, such 
as portable tools, air engines are 
extensively used. They have the 
advantage that they may be supplied 
with air from a compressor at a great 
distance without very large loss through the piping (in cases 
where much steam would condense). 

422. The Otto cycle, so called, is a pseudo-cycle which is 
employed in most of the present internal-combustion engines. 
It was devised in 1862 as a cycle the operations of which were 
to be carried out in four strokes of a piston within a cylinder 
as explained below. It has since been applied to engines 
wherein two of the four processes are performed simultaneously 
as explained in Sec. 539. Until the invention of the Diesel 
engine (Sec. 547), the Otto cycle provided the most efficient 
internal-combustion engine known. 


V o i, u m e 
Fig. 376. — A. typical steam- 
engine indicator diagram super- 
imposed on a theoretical Rank- 
ine-cycle diagram to show where 
the losses (shaded) occur. 


ExPLAlSTATlOlSr. ThE theoretical pressure-volume (or nSTDICA- 

tor) diagram op the otto cycle is shown in Fig. 377. AB represents 
the suction stroke during which a charge of combustible gas and air is 
drawn into the cylinder at atmospheric pressure. EC represents the 
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<*()mpri‘.ssion of Ihr vlmriK*^ liuiiahationlly ^ inio llio <‘lcaran<‘.n volume. At 
C* thv chari^e i.s ignitoO hy a >spnrk oansioj^ aa r\ph»mt>n or constant- 
vohiiu(‘ lumting ^ 7>. I'ho hoaloO gasos than oxpaiai .■xliahatica.lly, forj., 
ing (Ih‘ piaton away froiu tho clo.soO taai of tlu- =-y!ui.l(‘r process 
A valve tlieu oihuih the eylintior to ihr at iiaisplMTo and permits the gas 
tooHtaipe. proiMsss A7^. 'Tht^ piston is thou tnovod toward the end of the 
evlimhu' and for(a\s the gnmter portitm of tin* reinaiaing gas into the 
atnioispiuuH' throngli the open exhaust, valvt^ proeess /^d. The cycle 
is ilms eomphdiHl. For two strok<‘H of the piston, AH and J5d, the 

pn‘Hsun’ <in tht‘ piston is atmospheric. 
H<‘nre the work done !)y the piston in 
exhaust ijig th<‘ ga.ses i.s balanced by the 
work doin* on the pt.ston by fchci incoming 
gases during stietion th(^ net work for 
tluxse (wo .strokes is /.enu 

Dtiring the eoinpn'ssion stroke, BC., the 
piston d<»e.s w<»rk on the gas as represented 
by the area, umler H(\ Ihiring (he expan- 
sion strokt* the gas (iot'.s W(»rk on the piston 
as represent <*d by th(‘ a.n‘a under DE. 
VOIULKS or i.uUnitor aiuKr,.,» .f r/>:iu<l si I1C(! they are coil- 

the theoretical Otto cycle. . . i I , 

Ht ant -voluine proi'e.sses, rei>rosent no work. 
Hence, the not work <if th<‘ cy<*h‘ is tin* <htTerimee’ h(‘t.w(‘en that done 
during the expansion and o<>rnpr<*ssion .strok«*s, or as n‘i)res(’!nted by the 
area BCDE. Tlu^ actual const nu’t ion ainl <jp<'*‘ntinn of Otto-cycle 
engines will he explaiiu*d in Div. Hk 

Fi'om. the standpoint of heat a<i<hal and work <lonc, tin* cycle is the 
same, as can be sliown, as if tin* ga.s W(*n* Ineiled and cooled within tk 
cylinder so as to prothnn^ t-ln* (*{Tt‘c(s f 7> and KH. H(*ncc!, the pseudo- 
cyclo is exactly e<iuiva.l<mt to n trin* cyc‘le whi<*h would In* represented 
by the same preHsun^-voluint* <Uagrain (,Fig. 377). 

423. The thermal efficiency of the theoretical Otto cycle 
may readily be computtul from (In' tmt'rgy ndaiions given in 
Div. 8. The not work of the eytdt* is ( ht* <H{Tt*n*iuu‘ between the 
work done during tdie two adiabatic proet'ssths. The heat is 
added only along tlie protuhss €1) (I^'ig. 377 )» By writing the 
energy relations for tlu'so pnH*os.*^(*.*^. it may !h* found that the 
efficiency of the cycle is given by tlu' rolh>\ving formulas: 



Fio, 377.- Typical prcNMtu 


(306) E 1 1 

(307) E - 1 - (py 


(decimal) 

(decimal) 
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(308) E = 1 ~ (decimal) 

Wherein: E = the thermal efficiency of the cycle, expressed 
decimally- T = absolute temperature, in any unit. V == 
volume, in any unit. IP — absolute pressure, in any unit. 
The subscripts denote points of Fig. 377. Thus, = the 
absolute temperature of the gas at P, Fig. 377. k = the ratio 
of the specific heats of the gases (Cp/Cy) and is generally taken 
as 1.4. 

Example. — What is the theoretical efficiency of an Otto-cycle gas 
engine if the gas is compressed to 90 lb. per sq. in. abs. when explosion 
occurs? (Take k = 1.4.) Solution. — By For. (308), the efficiency = 

1.4-1 

E = 1 ■ (JPb/Pc) ^ =1 — (14.7. -T- 90) = 0.404, ov 40.4: per cent. 

424. The Diesel cycle is a pseudo-cycle of recent invention 
upon which internal-combustion engines can be made to 
operate and which gives higher efficiencies than does the 
Otto cycle. The Diesel engine is particularly adapted to the 
combustion of heavy oils. It is a four-stroke cycle like 
the Otto but differs in the method of introducing and igniting 
the fuel. The operation and construction of commercial 
Diesel-cycle engines is explained in Sec. 547. An explanation 
of the cycle is given below. 


Explanation. — The theoretical pressure-volume or indicator 


DIAGRAM op THE DIESEL CYCLE is shown in Fig. 378. Line AJ3 represents 


the suction stroke during which atmos- 
pheric air is drawn into the cylinder. Line 
BC represents the adiabatic compression of 
this air into the small clearance volume. 
The temperature of the air at C, where the 
pressure is about 500 lb. per sq. in., is very 
high. Oil is then forced into the cylinder 
and, due to the high temperature of the 
air, immediately ignites and burns. The 
shape, on the pressure-volume diagram, 
of the line which represents the burning 


yCtecft-^fnct VoTume 
Jc:>K ■ ’Dhplofcernenf Volume-' ->{ 



Y o t 14 m 


of the oil depends on the rates of oil admis- 378. — Pressure-volume or 

Sion and piston movement. The process in^oator diagram of the theoreti- 
may be (1) one of constant pressure, as 

CEf (2) one of constant pressure and constant temperature, as CDF, 
or (3) one of constant temperature throughout the entire burning. 
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ns rr/ (S(‘(‘ Fig. -IS") tnv net uni I intlinnS^r Oiagram) Th 

buriHHl ga.s<^s nru nllowrti ta t*sp;uui nOinh.nf i<-nlly it, // wlimMm exh^^^ 
valve is upenea niul the pressure iiuruinii;t U‘Iy .Imps to atmoKphr’^^ 
On the .stroke of the piston the hurne.l tnises are i'xIuuusUhI t 

atniosplH're proe.Nss HA nml tli** engnte islhen re;,,!y to h(‘gm 
eyeha A.s with all eyefes, the la-t work is repr4-srritr.| hy t htuinaumclosd 
l>y th(‘ lirie.s of the |>ressure~\’o)ume tliagrnm. 

426. The thermal efficiency of the theoretical Diesel cycle 
may he conipulcil l.y applyitin’ (he ■■ncrKy- ivlaiioii formulas for 
as in I )iv. S. 'I’lu- l•lii.•i^•nl•y liopcnds on Mu; pros- 

suri's, volumt's, and tonpuTa hires of I In- a’asc.s at different 
points during (he cyi-lo and on (Im nahiro of (lu' Inirning 
p,r<)('.(‘s.s ; that is, wind her I hr oil is liiiriird al roiisl ant pressure 
constant (cmprral ur<-, or in sonii’ intcnnrdiali' inaniicr, for 
constant-prcuNurc hiirniiKj. (hr idlirirncy ran hr shown to be 

(309) E 1 

Wlutreiii: B = (ht* lln'mial {‘flieieney of I In* eyehy ('xproKsed 
(Iccimally. k = th(‘ radio of tin' .^poeifie heals of tlie gases 
(C/./Cr) and is gvinu-ally takini as I. -I. T,,, Tn, T;;, and T(; = 

respoclvivxdy iht' a.I)sohi(<‘ I (‘inptu'at uivs of lln* gast^s at points 
II, B, E, tuid C (Fig;. 378), in any unit, provitlod all {inMii tho 
same unit. 

Kxamplk. If t h(‘ (.(‘inixn-a ( ures nt points /)*, ( \ h\ and // (Fig. 1578) are^ 
respectively, IHO, 1,H>0, 2.‘)S0, nnd piso F., what is < hc‘ t h.'eivtical effi- 
ciency of the cycle? (Take k l. ln Sont Tiov. Hy For. (309), the 
efficiency - 1 [(1/k) X (77/ TjA iTi: 7’ei) |' jd « 1.4) X 
(1,180 ■ .130) (2,0(S() ' l,It){))j ().">llh or.ahO pee cr/F. 

426. All compressors (Fig;. 279) oporaH^ on a pseialo-rydo 
which is cxphiiiKal Ixdow a-ml in smaaMaiing: soef itnis. .Although 
this psoiido-cytdt^ is gauKaailly (*alhal f/n* o/r ro;n/>/v.s,s-er c|/de, 
it is actually the cych‘ of all gjis anti wnpor (antiprt\ss()rH. A 
comprei^sor , in gciu^ral, is a. nuudiinc hy whicdi a, ga.s(a)UH sub- 
stance is translemal from a V(*sst‘l of low prt'ssun^ to one of 
higher pressure. A {a>inpr(‘ssor is an esstmiiai part of practi- 
cally every refrigerating inacdiiiay 

ExpLAN-ATION.— O inflEATlOlsr of a (a.)MFtiFHHOE WITH NO CMAEANCB. 
Consider first a cylinder an<l piston ho (toiiKtruetcd as to Itavo ao clear- 
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ance volume (Sec. 245). Starting with the piston against the cylinder 
head, let the piston be drawn away from the head while a valve (in the 
head) is open. Air (or some other gaseous substance) will be drawn into 
the cylinder through the open valve. Assume that the air (or gas) is 
drawn from a large vessel so that the pressure is constant during the 
time that the air is drawn into the cylinder. This process may be repre- 
sented by the line AB (Fig. 380). Let the valve through which the air 

entered be then closed and let the 
piston be moved back toward the 
cylinder head. The gas will he 
compressed. If no heat is added 
to or abstracted from the air, the 
compression will be adiabatic, BC 
Fig. 380, and the temperature will 
rise. When the pressure in the 
cyhnder becomes equal to that in 
the vessel into which the air is to 


Fig. 380. — Pressure-volume dia- 
gram for theoretical air compressor 
with zero clearance and adiabatic 
compression. 

be transferred, let another valve be opened so that further movement of 
the piston toward the head will expel the air from the cylinder into the 
high-pressure vessel. If the vessel is large, the pressure during this dis- 
charge will remain practically constant as at CD, Fig. 380. As soon as 
the piston is again moved from the head, it will draw in a new charge of 
air from the low-pressure vessel and thus begin a new cycle. Before a 
new charge can be drawn in, however, the pressure in the cyhnder will 
fall to that of the lower-pressure vessel — process DA, Fig. 380. 

427. All Actual Compressors Have Clearance.— -Since it 
is infeasible, practically, to attempt the construction of a 
compressor without some linear distance between the cylinder 
end and the piston when it is at the end of its stroke, all 
actual compressors must be somewhat different in their 
operation from that described in Sec. 426. 
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Fig. 379. — A simple air com- 
pressor. Water, W, must be circu- 
lated around the cylinder to keep 


it cool. 
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Oj‘KUATtU!^ OJ.‘ \ roMfHK-.SUH WITH (.WraNGI-^ 

‘ of Jiir, (fF hm^ AH\, ^^i\l of theeloarance 

if tin' t‘iid uf tii** Oi.scltari^o process. Then 
ryUnil**!* wilh fho itov im*HHurc vessel were 
imiutMUati^ly op,‘iii’<i, this air would flow 

ifittj tif«’ 1 m\v pn'NMin^ v<*ssel. It; is better 
tii kft‘p tljo valve elnNeel nud permit the 
luKh'pro.ssun* rtir in the cl on ranee volume 

iat /**, Fiy.. dsl .) to o\paml iidicluilicyi'.,. 
within tht* fyUiuhT nntil its pressure ie 
redtivod lo ihat of the low-prcHsure vessel 
F.t Fi^*;. dSl. If th<‘ v.'dv(‘ to the low' 
prossuro \<*s.srl is fh<*n opeinul, airwillbe 
draun info i ho oylindor for t he remainder 

<if flu* piston’s stroko, 'riius, a volume 
of air .1 1{, whioh i.s less tlum the displace- 
nnoil vohimo iSo<\ 2 15), is drawn into 
(h<‘ cylindin*, 'flu* \‘ohinit^ AB, Fig. 381, 
is callotl tilin lom-prr.s'aarn nepnrih/ of th<* <’otnpros.sor. flt*nc<‘, to transfer 
the same weight of air pnv <‘y(do, vidtnin* J Fi|js. d.Sl, must equal 
volume /I /I, Fiji;. 380, or t h<‘ disphnaunml vohniiC' must he greater for 
the compi'CBSor with tdcairamu*. 


KxpoaN'ation*. 

A certain voltnm 
remain within the t*y tinder 
if the vaUa* eonneiding th< 

^•-Ckarance To/i/me 
-> !*[< ’D/sp/acemertf Ikf, 


f 77 &i |uwi|r>r..J.»,p i'p 
,A.w. . . 


efiaiK fffc ; I ■ j f I 


Hrfi 

i V o I u m c 'j [ 
HLoh'-Pr€!j^ur& 

Fio. JlBl.— 'riasn’t'tirnl intlirnfur 
diagram for air \vi<lj 

oloaraius'i. 


428. The volumetric efficiency of a compressor may be 
defined as the ratio of t.h(‘ low-pia^sstin^ enpaeity (Sec. 427) 
to the displacAuiu'nt volunn*, Idxpn^ssfal as a formula: 


(310) Y olunietric ejflcu 'ncy 


Luir^pn\ssun' ra pnvity 
plan ‘ PI npt no / upiei 

(decimal) 


I5xAMPL.E.—If, in Fig. 3B1, ih(^ hmgth A li I in. and the; <lisplacement 
volume is represented l>y 1.2 in., what is t in* vo!umetn<^ (dliciency of the 
compressor? KSonuTioN. -'-By For. (310), (In* Fo/nwefrA: effkuncy ^ 
(Low-pressure capacity) / (Displacement vain me) I.O : 1.2 = 0.833, or 
83.3 per cent. 

429. The work required to operate a compressor is inde- 
pendent of the clearance of the compressor tluit is, for a 
given weigh tr of air, the mnm pr<'ssu!a‘s, and tlu^ same kind of 
compression, the work naiuinal is same for a compressor 
with clearance as for one without edearanetk The work is 
represented by the areas A BCD Fig, 380 and ABCF Fig. 381. 
The work done on the air, in either ease, remains within the 
discharged air as heat energy. 
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Explanation. — ^The effect of the compeession curve on the 
WORK OF A compressor Will HOW be analyzed. In many instances the 
discharged air is stored for a long time or piped a great distance before 
it is employed. When this is done, the air generally is cooled and very 
frequently it is cooled to the temperature of the low-pressure vessel. 
When this occurs, the volume of high-pressure air is decreased from FC, 
Fig. 381, to FE. That is, for every FC cu. ft. delivered by the com- 
pressor, only FE cu. ft. appear where th4 air is being used. This natur- 
ally raises a question as to whether it would not be better to compress the 
air isothermally instead of adiabatically. If, in Fig. 381, the compression 
were isothermal, BE, instead of adiabatic, BC, the work area of the cycle 
would be ABEF instead of ABCF, Hence, 
much less work would be required if the 
compression were isothermal. To secure 
isothermal compression, however, heat 
must be abstracted from the air, during the 
compression, as fast as work is done on 
the air. The customary way of abstract- 
ing heat is by jacketing the compressor 
cylinder with flowing water (W Fig. 379). Fig. 382. — Typical air-compressor 
By so doing, however, enough heat cannot, indicator diagram, 

in practical machines, be abstracted to produce isothermal compression. 
The general result is a polytropic compression (Sec. 273) about as shown 
by BD, Fig. 381. The saving due to the water jacket is therefore the 
area DCB. 

Note. — Actual Compressor Diagrams Differ From The Theo- 
retical (Fig. 382). Since actual compressors are generally made with 
valves, V (Fig. 379), which are automatically opened and closed by the 
differences of pressure on their two sides (Fig. 379), and since these valves 
must be fitted with springs to insure their rapid closure, the pressure of 
the air within the cylinder during the suction stroke {AB, Fig. 381) wdll 
always be less than that of the low-pressure vessel, and the pressure wdthin 
the cylinder during discharge will always be greater than that of the 
high-pressure vessel (see Fig. 382). 

430. Compound, or staged, compressors are those in which 
the gaseous substance passes through more than one cylinder 
in having its pressure raised from that of the low-pressure vessel 
to that of the high-pressure vessel. When the ratio of pres- 
sures {absolute discharge pressure absolute supply pressure) 
of a compressor is greater than 6, compressors are generally 
made compound. That is, the gas is first compressed in one 
cylinder to some pressure intermediate between discharge 
and supply pressures- It is then cooled in a suitable vessel 
called an intercooler, and is then further compressed in a second 
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^‘onipn^ssor (\viinclt*r. H<>nn‘tiuu*s a s(‘<'uih 1 i^t^n-coolor ^nd a 
Ihirtl (‘oiupn'ssar ryliinirr an* iauphmnl tin* roiuprossor is 
tiion terrnail thrvi' ^tmjv, X <‘tmipn*ss<»r w hicdi employs two 
(*yliiul(‘r.s anti one intarcoular i.< tcaiard \ two-stage 

{•()inpn‘ss(>r (iiag’nua is shown in Fi^. 4HA, Hip objcctofcom- 
],K)undi nii; <*< an prrssors is tvvtpfold: ( U 

of compimnded noN/o't ssoW' /.s* pn aft r than that of migllhstage 

co}Npr<'ss()r,'<. (2) (Uoii luanottd fo't nqairo Ici^sworkfr 

delmrmg a, givan gaaatiti/ (f gas (or vapor) fHiiwva given pres- 
sures than do shujlr-st(uje nnupressors. Sop pxpl'uiatioii. below. 


10xpaANATIn.^^. 'ran '{'in'uaii>rrtp\i, isihpatoh in\nit vM ppr a single^ 
STA<a*3 POMPHKSstnt witliput. t’lfaniiuM' is shown in ;iS3 by AFPl, 
ir th('. compn^sHion oouh! !>p inado isot li(*riaat it woiiltl ho roprc'sented by 
P!) and (.h(^ .savinja; in w<»rk ovor polytropio ooiuprossion would bo rep- 
msuukHl by tin* ar(‘a It two".stM^;<* rompr«*ssi(»tt is dt'sired, however, 

t.ho polytr<^pi<‘, (•ouipi*(*ssion wotdtl lio stoppod at a point /{, and t ho com- 
prcHsed suhwtjUKa' woubl lx* <Iis<di;ir!<od, t/CnP :il Piis prossunMiito an 
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P'ro. 383. — Th(S)r<‘tirnl uulica- 
tor diugruiu Hhowing lionotita of 
coiupotuul ccmiproHMioiu 


tnt<‘r<*ooh‘r. lion* tin* sui>s(aiuH‘ would be 
ooohMi to tho uro which it bad 

wbon .at- !Ionr<‘, whon t h(‘ sulwhincois 
<lrawii iid<» tlio id^h “prcssin’o <*ylindor, its 
volunn‘ wotd<l ho «>idy PJ. ‘Wluui further 
('ompntssod, tho otunprossion will nsainbe 
polytropio and will ho roprostnded by JjB. 
'Pin* t<nnp«‘r.a<ttro of tho .snlKstatico at iJ 
will Ih‘ lo.ss (ban at. /'' with .single-stage 
o,innpn*ssioii. 'Pin* work don<‘ in t ho bigh- 
pro.sstu’p or .s<*i’’ond"'.stago «\v!indi‘r is repre- 
.M<ado<l hy tin' aroa, APJ(t. 'Phat done in 
tin' Iow~pro.ssuro ca* first -.stage' cylinder is 


roprCvScnkHl by the anut (tKPh, He-noe', a .saving in work is t*!Tectedby 


'compounding^ an in rcpn'Hoidoel hy thoan'a EFKJ t.shath'el). 


431, Concerning Volumetric Efficiencies Of Compotind 
Compressors: A^SHlunp that tht' singh'-stagt^ ('niupn'ssta can be 
made with a clearantut volnint^ a.s sniuJI m A(' (Mg. 383). The 
gaKS compressed in this volume will <*xpanti aitmg ON, The 
low-pressure capacity will tlHUi ht* N.i\ Now, tiie same 
cylinder, if used as tlie low'-pn-.^sum cylimlt'r of tlie two-stage 
compressor, would have a elearauci^ ('xpansii>n line HM and a 
correspondingly large low-pi-esf-^tu't' e.ai'nuity MP, The high- 
pressure cylinder, being of xnucli smaller sisse tlian the low-pres- 
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sure cylinder can be constructed with a proportionally smaller 
clearance volume, AB. Besides requiring less work and having 
greater volumetric efficiencies than single-stage compressors, 
compounded compressors generally have higher mechanical 
efficiencies and suffer less leakage past the pistons. 

Note. — The proper intercooler pressures for compound com- 
pressors, when intercooling reduces the temperature of the compressed 
gas to that at which the gas enters the first stage, are such that the ratio 
of pressures is the same for each of the several cylinders. Hence, for a 
two-stage compressor: 

(311) VBiPa (pressure) 

Wlierein: P = absolute pressure in intercooler. Pi and P 2 = respec- 
tively, the absolute suction and dehvery pressures. All pressures must 
be measured in the same units. 

432. A refrigerating -machine cycle, in which the working 
substance is gaseous throughout the cycle, is explained below. 



Fig, 384. — Typical equipment for a low-pressure air refrigerating machine. 


Because air, being the most, easily obtained gas, is generally 
used in this cycle, it is usually spoken of as the cycle of the air 
refrigerating machine. 

Explanation. — The apparatus of an air refrigerating machine is shown 
in Fig. 384. The compressor, C, delivers air through a cooling coil, P, 
wherein the air is cooled by circulating water, to the lowest possible tem- 
perature. From D the air passes to an air engine, B, usually called an 
expander j where the air does work on a piston and simultaneously has its 
temperature reduced. The work done by the expanding air in F is 
utilized to drive the compressor; but, since it is insufficient for this pur- 
pose, must be suplemented by work from an external source such as the 
motor, M. The expanded air from E passes through an exhaust pipe A 
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int<i the refriKernleti h\ Aft<‘r \vanu«Ml hy the absorption 

(4 heat, in K, tht‘ air Is withdrawn at H ami reeniers C for a new cycle. 
The prensnn* of thi* air In h* tuust, for praefuail rea.soim, be atmospheric. 
This in<‘thod nHiuires a eonipressor arid <‘\paniler of very large cubical 
eapacity. A slight luodiheat ion permits th<* use mm‘h mualler cooi- 
presstM' ami expandtn*. Openings A and H tFig. are generally 

eonneet<‘(i to a pipe eoil a etMihng lanl of Iiirge external area, The 
apparaitis is tluai so operated in starting that tin' air in this coil is com^ 
pressed to a. imxierate pr<*ssnre. Hu' n'frigt'rating eych‘ is then the same 
as aliove descrilaHl (‘xrept that tln^ air is, at all points, im<l<T inuch greater 
pressure and hemee has a mneii grtxit er density . 'iTus apparatus is called 
a deme-air refrigerating machine (Fig. othU. 



l^ia, 385.— -Theoretical in»tjfati>r 
diagram of a gas rcfnK<*r«f iog- 
machino cycle. 



a.sa." *1' c m p c r a t uro- 

fnitrHii.v diagraju (»iot t«> scab) of 
thr ajr-i'cf riatoatinK-machino 
Fig.*', as 1 and 385. 


Expi;AN'x,TiON."--“Tirn ruKsstnU'j-vnia'MK itKt.ATioxs (lndk’ator dia- 
GIIAMS) OF THE OAS nEFUKJEHATiNnj-MAriiiN'K cycle an^ shown in Tig. 
385. Clearaiuuis art', ticiglected. FI> n*pr<‘scnts the .suction Htroke of 
tho compressor, tlu* {aHnpr(‘s.sion st rok<‘, and f’.l the di.stduirge stroke. 
AB represents the ndmission stroke of tin* <*xp}imler, HK thc! expansion 
stroke, and KK the. ('xlnuist stroke. Henee*, an‘a A(*J)F represents 
thc work required to drlvt' tdu' convprt'ssor, and area ABHK r{^i)r(^s(3ritBtlie 
work done hy tlie (axpamhux d'iic? ditTerem*e, or B(d)K^ rt‘prescnts the 
work which must Ixi supplitul from nn (*xt<‘rmd soun*e (M in Fig. 384). 
Thc cycle is, in elTetd., the sarm^ us if tlu* air wer<‘ (tompressed in 0 (Tig. 
384), cooled in Dj expanded in K-, ami ht'uted iii K, as shown hy the 
diagram DCBM (Fig. 385). This is actunlly tltt* trm‘ {‘.vtdf' (Bee. 402). 

Explakation.— “The 'rEMPEUATUHE-ENTitoey lUAtuiAM of tki^i teub 
GAB REFEiGEBATiNG-MAtuuNE (Wtu^E iH shown ill Fig. 385. Thc hcat 
abstracted from the *htold hody^' is r<‘pr(\H(*ntetl hy 11 h‘ area fTEDD'. 
The heat equivalent of the imt work of the cyclti in n‘pr(3smited by the 
area BCDE. The heat rejected to tho *‘hot imdy is n^presemted by the 
area E'BCDD', 

433. The vapor-refrigerating-machine cycle is t.hat which is 
employed in most i)ra(dic.al refrigoraiing plants (see Div. 18). 
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la this cycle the working substance is made to undergo 
changes of state — ^it is liquid at certain times and gaseous 
(vapor) at other times. Because of the large latent heat of 
vaporization of certain liquids which are used, the machines 
employed in this cycle can be made much smaller for a given 
service than could gas refrigerating-machines. The cycle is 
explained below. The actual machines and processes are 
described more fully in Div. 18. 


Explanation. — A simple vapor refrigerating plant is illustrated in 
Fig. 387. Assume the compressor, C, to be supplied with ammonia 
vapor at a low temperature and pressure. The vapor will leave the 
compressor at a higher temperature and pressure. Let the pressure be 
high enough that the corresponding boiling point is higher than the tern- 


Cdftcfensist: 


Cooftny-Worteri 


Hof Vapor-^,^ 


*PrMncf 
t hofor 


CoofTm-Wafer 
Mef . . 

‘*>1 

Compressor 



Fig, 387. — A simple vapor refrigerating plant. 


perature of water from some nearby natural sources such as a stream or 
a well. If this water is passed over the pipes through which the com- 
pressor discharges, as in the condenser Bj the vapor inside the pipes will 
be cooled by the water to its boiling poiat and wiU also be condensed. 
If enough water is supplied to B, the condensed vapor will be cooled below 
its boiling point. The pressure in the coils of B wall remain constant 
because more hot vapor is supplied by the compressor as fast as the 
vapor in the coils is condensed and permitted to flow from the coils 
through the valve V. From F, the working substance is permitted to 
flow into coils E where a low pressure is maintained. In passing through 
V, therefore, the warm liquid suffers a throttling expansion (Sec. 387) 
and enters as a very wet vapor at low pressure. The temperature of 
the wet vapor is very low because of its low pressure. Heat will pass 
through the coils E to the vapor inside and will cause vaporization of the 
liquid portion of the vapor. Heat will thus be absorbed by the vapor 
from the room R, Until the vapor becomes dry, its temperature wall 
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ix‘main (*(«i.stanl, 1 uh‘uu.‘^«‘ thf praasuri* in tla‘ visils Is saaintained ( 


an t*xplaiiitHi Indow. HluaiUI tht* vajaa* In* paniutlad t«» 


inaiiain within 


tlu^ iunl h: tiftvr it is ruiiiplft rly vajatri/.ad^ if laay Otsajiua .superheated 
prossun^ in Ilia j*tai is maintaiiMMi at>ii>faut hy naiioviap; vapor witli 
the {‘oinpra.ssia* <' as fast ns if is adraittaO T and is vaporized 

Thu va{)or that is nnnavisl by b is rnfapfosstai atal {*<‘p(aits its i 
ihrou|»;h t!i(‘ sysUaa, 

Kxi*LANA'n<).\'. IhU'i ritK; a*UK-\ {jk the vapor, 

U KK tt H .KU, V T | N t J • M A«UIIXK CYc'LE (Pig. m 

^ jtlt-lo • 1 ! j ! i J ■' • ’ ! • ■■ **■' ''' *^'0 similar ti» that ol the theoretical 

^ baiikim* ryah- i Kjp;. 'A72K IfO(Pig.38g) 

1"3 i \ i I ! j 1 : : i : i ! i ; : rapn-scaitN tha pn-ssun* aiai volume of a 

^ V i\ i ' '■ - '■'•I""’ '‘»tcra thecom- 

" \ 1 I l 4 ll i <’’> "'prosentsita 

O- hj fti I j ! U v<Hapn*s.sttat m tho taaupiA'.ssor, /bl repre, 

-1 iJj..l J' !riJ...£L J J i Ti r i i " I s<*ufs its tMuairnsat inn in lh(^ condenser, 

Vo t u m .1/^* r<‘pr<‘Nt‘nf s thr reduction of pressure 

Kio.HHK. l»r<'«Mur«'..vnh) .imj inrnaisc tu \ «dumc as t la‘ vanor uasw 

j?rnin of tla* vapor refrif .i. .. . ,t , t • t ' 

through the expansion valv(% t , Pig. 3P7, 
and /jtr repre.seuji.s the va|>orization of 
the Ihpiid in tlu^ (‘Kpatision enil, h\ Fig;. ds7. Since the pnaassH AB (Pig. 
388) Is a tlirottling (‘xpatision, the ar<*a mater .1 /> tloes not n‘pr(‘.sent work 
doiu*! and Ihci ansa AH(^I) does not r<‘pres<‘nt t ho net work of the cytde. 
Tlu^ lad. work nuiy, howevta*, ite rtaual fnan tta* indicator <Iiagramofthe 
eoiuprcHSor which will apjaxar as sfiown in h’ig, .*hSl. 

JOXJUjA NATION. VplIM 'rK.MI*HU V'ia‘KK NNTItCJPV Ol AOtt AM OF THE VAPOR- 


t, .yv-jy/o/A/AVit 


V o t u Tr\ 

KiO, HKK. I 

jO'nin of tla* vapor rrt'rif 
(•.Vol(s 


KiflFurOKHATmii-MAoniNH cycle will vary in 
tion of the vapor as it <aift‘r.s the com™ 
pn's.sor— w h (>. t h r wet , tiry , or super-. 

Fcated -and with tlu^ ttunperatnre at 

which th(‘, lipuiii reaidies t lu' I'xpan.sion 
valve. If (.lu*. vapor i*u{(*rini^ the com- 
pressor is in (lu*. (Iry-sattinitiat coiahtitin 
and reatdies tlu^ <*xpansion valve at a 
t(uui>('!ra.tur<‘ int.(a*m<‘dia,tt‘ )>etw(‘<‘n those of 
eoiuhuisabon in H (Fig;. 387) and vapori^^a- 
tion in JiJ, tlu'n (tu^ ((*m|>(*ni(ure“en( ropy 
diag;rani will appt'nr as shown in Idg. 3HU. 
In Fig, 389, ClI) n^presfmtH the eompression 
of the vapor, DBJFA r<*pr(‘Hf*ntH t he eotding 
in the condenser, AH r(*pr<‘HentH the throt- 


appe;tran(*(‘ with ilu^ (fondi- 


. i.rnt 



t, n i ro py 


Vui. ftHtU' 'r,vpi(nd trnipwaturo- 

entropy din^raiu of ft vapor- 
rv'tiARornttiJisomudnoo rycle. 


tling expansion through th<i vidv'^ti, and IH* represents I lie vapormation in 
the expansion coils. The area H*HH(** repres«*nts ttu^ lumt ahatractod 
from the cold body (H, Fig. .387), are*a r(‘r»rcHents the heat 

rejeotecl to the compressor cooling water, area A*AFKH!y represents the 
heat rejected to tho condenser cooling water, atui arcfi A' ABB' has 'no 
real significance, 



Sec. 435] 


OAS AND VAPOR CYCLES 


411 


434. The indicated work of a heat engine or refrigerating 
machine is the mechanical work that is expended by or on the 
working substance within the cylinder. It is the work that is 
measured by the indicator (Sec. 684) diagram which is taken 
from the cylinder (see Secs. 503, 504 and 549 for methods of 
computing indicated work). For heat engines, the indicated 
work is always more than the work which is actually available 
at the engine shaft for useful purposes. For refrigerating 
machines, the indicated work is always less than the work 
which must be supplied at the compressor shaft. The differ- 
ence between the indicated work and the shaft input or output 
is due to the loss of energy within the machine due to the 
friction of its parts. The ratio of the shaft output of a heat 
engine to its indicated work is called its mechanical efficiency. 
The ratio of the indicated work of a compressor (or refrigerat- 
ing machine) to its shaft input is likewise called its mechanical 
efficiency. 

Note. — The Indicated Work: Of Purely Rotative Machines 
Cannot Be Measured. — Examples of purely rotative machines are the 
steam turbine and the turbo-compressor. Since these machines do not 
employ pistons in cylinders, no indicator diagrams can be obtained from 
them. The mechanical efficiency of such machines cannot ordinarily 
be found. 

435. The losses in heat engines may now be summarized. 
It was shown in Sec. 416 that no heat engine could have a 
greater efficiency than the Carnot — that is, that no heat 
engine could convert into heat more than a certain fraction 
of the heat supplied to it. 

Explanation. — The heat energy supplied to an engine (A, Fig. 390) 
may be first divided into two parts — C, that which the theoretical ideal 
engine could convert into work, and B, that which could not be converted 
into work by even the most perfect engine. C and B are therefore termed 
the available and unavailable heat, respectively. Now, since heat engines 
do not generally operate on cycles which are even theoretically as efficient 
as is the Carnot, it follows that such engines would not provide even 
theoretically as much work from a given heat input as does the Carnot. 
Hence, some such portion as F, Fig- 390, of the supplied heat. A, would 
be convertible into work by the theoretical engine, whereas a portion 
D is rejected along with that rejected by the Carnot engine. Then, 
since no actual engine can be made to actually follow its perfect 
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fyf!(% the work oSt*r. VM) (t, will alway.s hv. less than the 

work, /I’j of the tiuHiretiral i-tmiiie, 4’he t|ilT<Teit<*i% i‘\ in the loss dueto 

iiu perfect ion, H (from tie* htntt HtHiHi|Mhnt ■, of t tie «‘U|!:ii,ie censtmetion. 
Finally, ttn^ work, output of tlu‘ tusgiue at itn ahnft (A', Pig, S90)wiil 
alwayn he lean than ita iiuUeafeti work* <*\ //, is theloss 

tlue {t> iiuiHwftMiumH ifroiu the meehnuien! ataniipthnt) of the engine 
eo!JHtructi<ui it. ia tlie loaa 4ue to fri<*ti<»u hetut-eu parta of the engine. 
Iliuiets of the lu^at, J, .supplieil to the taigiue only a wmill fraction, ]( 
can really Ik‘ utilixetl- The reiuaiuder iji h -|“ F //) is rejected 



Fr<i. 300.“— kShevt'iag why h<‘ai hnv<' law rilirit'ufh'ri. Only th« vertical distances 

nut, tiu' ju’i'un " uo* 

(aomotiiitKJ.s Haid to he “lontd^); it in not osnliy lt»st in tla^ nease that it is 
destroyed hut in the Heuse (hat it cannot a,ny longtu* i>e converted into 
aiechaiucal energy or work* 


436. Various Heat-engine-efficiency Expressions May Be 
Defined By Means of Fig. 390, Thus : 

^ . \V(trk (tf thctu'riiad Carnot engine 

(312) Carnot vlhavncu ' Jlrnl input 

wocmaD 

Quaniity ri 

ITor/r of (hntniint! vfHjitK^ 

Uoai input 

= <i^>nntUy A' (decimal) 

Quantity /I 

(314) Indicated thermal ejjiaieney — 

= <i»animp} 

Quantity A 


(313) Cycle rJTicienry 


(315) Thermal efficiency 


Eihaft output _ Quantity K 


If eat input Quantity Q 

(decimal) 

m .ir • Work ()f tkenretical engine 

( 316 ) Type cfficienc.y = Carnot migine 

= Q-uantity IS (decimal) 

Quantity C 
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( 317 ) 

( 318 ) 


Engine (or practical) efficiency = 

Indicated work __ Quantity G 

Work of theoretical engine Quantity E 


(decimal) 


, _ , • 7 • Shaft output 

Mechan^caleffic^eru,y = 


Quantity K 
Quantity G 
(decimal) 


Note. — The theoretical efficiency op a heat-engine, as given 
by For. (313), is the efficiency of its theoretical cycle such as the 
Rankine, Otto, or Diesel. Theoretical efficiencies of these cycles are 
given by Fors. (299), (308), and (309). 

Example. — See Prob. 18 at end of this division. 


QHESTIONS ON DIVISION 12 


1. Define a cycle. Wliat is the distinction between a true cycle and a pseudo cycle? 

2. What is the object of employing diagrams in the study of cycles? What dia- 
grams are usually employed? 

3. Define a heat engine. A refrigerating machine. What other descriptive name 
may be given to a refrigerating machine? 

4. What are the three essential elements of every heat engine and refrigerating 
machine? What happens between these elements in the operation of a heat engine? 
In the operation of a refrigerating machine? 

6. Define the efficiency of a heat engine. Express the definition as a formula. Is 
a high or low value of engine eflaciency desirable? 

6. Define the coefficient of performance of a refrigerating machine. Express the 
definition as a formula. Is it desirable that the coefficient of performance of a refriger- 
ating machine be high or low? 

7. Explain the operation of the simple non-expansive engine. Explain the construc- 
tion of the pressure-volume diagram of its cycle. 

8. What kind of figures always result when the pressure- volume or temperature- 
entropy diagrams of cycles are plotted? 

9. Draw a sketch of the apparatus which must be employed with the non-expansive 
steam engine to make up a true cycle. 

10. Draw the temperature-entropy diagram of a non-expansive steam engine and 
explain its construction. Modify tlie diagram so that it represents an equivalent cycle 
without frictional processes. Explain the significance of the various areas on the 


diagram. 

11. What was the purpose of devising the Carnot cycle? Are engines built to operate 
on this cycle? Why? 

12. Explain the construction and operation of the Carnot heat engine. If the working 
substance is a gas what is the appearance (make a sketch) of its pressure-volume dia- 
gram? What is the general appearance (make a sketch) of the temperature-entropy 
diagram ? 

13. What factors affect the appearance of the pressure- volume diagram of the Carnot 
cycle when the working substance is a vapor? Draw several such diagrams and show 
the effects. What is the general appearance (make a sketch) of the temperature-entropy 

* 14. State the formula which expresses the efficiency of the Carnot cycle and show its 

derivation. ^ ta * 1 . 

15. How can the Carnot engine be made into a refrigerating machme. Describe 
its operation as a refrigerating machine and draw its pressure-volume and temperature- . 

entropy diagrams. , « ^ i- - x- 

16. State the formula which expresses the efficiency of the Carnot refrigerating 

machine and show its derivation. 
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17. Wluit IM ih<‘ I'oIafiaiiNhip ln'twa^'u ia*at and tl 

pt*rjiiur(‘H iif ti»' Iiot and <’olti hodiusH? Shaw (In* ii.i' ilu* r*‘latii»n«liip 

18. Why in t !»«• Rnitkinf i'yvU\ riithai than tha (htruoi «'\ ah' tnLon ..a 

far vapur hand ‘ ‘ 

19. Kxpluiu witiit a akatah th<* .H{*pnraf ua whiah ia i'aijuir«Mj <o aoristitule 

plaiii \vhi<!li i8 <<> oiH'rafa on tha liaukina ayala aini fia<'a <ha <-Iiauo-<>H of tT 
Mul>H<-nnca in ita puw.sjyn* (hroufrih tha a,\ <d*\ ' 'working 

20 . Draw t!u‘ i>r<‘H,stira~v<>l»ii»i*‘ diufp am of tha t haoi t't jaal Itankiia' av(-l<« i \ 

it witii ilia uppaniiUH da.HaribiMl in annwar to tha pjaaadijp.^ ijiioMticm. ' ^'relate 

21. Shaw that tlu' nn‘a «*m*loNa«l li.\' tha piaaMifa-volinita tlijurr'iiH /^r <v. w 

..,.,. 1 -. ft,.. ,....,. 1 . .a n ' ‘ ' •‘^J'-nkine 


ayah‘ rapri'HmitH th<* naf work t*f fhi" ayahs 

22. In piiniarnl, what, thri'a l'«*rmri (nmka akaiatja.'o niny fin* <»*tuiiarature- 

<liaffnuu of tha RtuikiiK* ay<‘la huva? A.vojiua nf<*ntn aondit aiul plot', from 
takan from Stiauu Tuhla .'thl, flia t»‘mi>arntiU(* aafror»y uf a Uunk7ia cvcl^ 

23. Ih tha iiulumtor diaKrnui of a atauiu anKitn* tha Minn* ns tha pra.vtnra~volu ** ^'rl' 

grain of ihs oyohi? Why? me dia- 

24. Draw tha thmirat iani iiuiit'ntor flingnun of u Rankina cyrla angiin* without *1 
nnco. How <Io<‘h alanranaa nlTaat tha ojiaration of fh«* ajpdna? Show tluMheo 
iudicat.or diagram for an angina with i'h‘uium’a, 

26. State tha. fornuila whiah axjnaNNaM tin* athaianf\ «if ihi* f {iaor<‘ti<"il Pjinl'i. i 
engine. Show th(» derivation of thi.s forinnlu. ‘ 

26. For given hot and aohl hodia.H, which w<»nld have the aflici(.ncy“~'a Ea 

kincvcyclo engine ur a ( hirnof -ayi’la angim*? ' 

27. Wherein doan tha th<*oratiaid at anin-angina ayde differ fnnn tin* t haoretioal Ran 
kine cycle? Which of tinsse two aylaa in if moi** damndda to hava u htaam endue follow’ 
Why? 

28. Why doeH the aidual Hteain-angina indiaatot dingtain differ from the theoretical’ 

Dxpltiin fully each of t.hrei' rn’ineipnl loNinsH. ' ' ' 

29. What XH the dilTerenee in eomstniefion between a Meain engine and an uir engine’ 
Wlnit is the dilTerencij hetwei'U th<‘ir t heo>r»*ti«-al indi<’iHor diagranih? 


kelehee) may the 


y dntgram of a Uunkiue cycle, 
.same ns the pre.vtnn'-volume dia- 


II Rankine-eyrle enidm* Without clear- 
of the engine',’ Simw the theoretical 

.mey of III.* fiieor.'tieal Ranldue.cycle 


Mteaiu engine follow? 


30. Is an air engine aetmdly a heat engine? h'or what :.ervi»*ea ar.* air engines uHed’ 
AVhat is their principal advant agi*? 

31. What class of angim* lias raphiaad tha air engine ari a aominareisd heat engine’ 

32. In what cluHH of engines is tin* <>t(n ayah* used'.' I,’, the Otto ayela an (‘(Heumt one? 
What cycle, used in angin<‘H of tin* .same alaNs, is more allieiani? 

33. Explain the operation of an angina amp^o.^ ing the (dtu eyeh*. Draw the theoret- 
ical prossuro-volurne diugniin. 

34. Write the formula for tha amaianay of the fhaoialienl Otto eyale. How is the 
formula derived? 

36. In engines of what class is tlia IHtHrf ayah- employed ? 'i'o what fuels i.H it particu- 
larly adapted? 

36. Exphun the operation of an angina amph.yiug (he Diesel ayela. Draw the 
preasure-volume diagram. What vurifttions may (ha pra.^anK-.. volume diugrani have’ 
Explain. 

37. What is a comj)f'eit^(>r? In what kind of muehines are aompre.ssorH nearly always 
used? What is its psmido cyide often <‘tdlail? 

38. Explain the operation of a comiiranMor vvithouf claninnee. nsing pressure-volume 
diagram. In what, respects is tha openttion dilTarant in n eomprassor with clearance? 

39. Define loia-premure capacity. Votumrtric cXHcicncy. 

40. Does the clearance volume of u eomprassor introdnaa any energy loss? Any 
capacity loss? 

is generally more desxriihla udiuhatic or iwotharmul air-compression? 
WHy? What kind of comprtWHion is umudly obtained? Why? 

^ sketch to show whar«nn ihi* actttnl indicator dingnun of a compressor 
differs from the theoretical . 

43. What is a compound oompressar? When i« it generally mmlf What is the 
tntorcoolerf 

« objeota of oompoundinif ootnprewow? Explain, using diagram 

necessary. m 


I )raw tin* theoret- 


vhat fnels i.H it iiarticu- 


ompre.sHorH nearly always 
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46. How would you determine the proper intercooler pressure for a compound com- 
pressor with ideal or perfect intercooling? 

46. Explain, by the aid of a sketch, the cycle of the air refrigerating machine. When 
is a machine which employs this cycle called a de%se~air machine? 

47. Draw the pressure-volume diagrams of an air-refrigerating-machine cycle and 
correlate it with the required apparatus. 

48. Draw the temperature-entropy diagram of an air-refrigerating-machine cycle and 
by it show the several energy quantities. 

49. What is the principal difference between 'the air and the vapor refrigerating- 
machine cycles? What advantage have the latter? 

50. Draw a sketch and with it explain the operation of a vapor refrigerating machine. 
How does it compare with the air machine in number of pieces of apparatus? 

51. Draw the typical pressure-volume and temperature-entropy diagrams of the 
vapor-ref rigerating-machine cycle and correlate them with the apparatus used. Do 
the diagrams have exactly the same significance as do those for the other cycles which are 
herein discussed? Explain. 

62. What is the meaning of the term indicated work as used in connection with heat 
engines and refrigerating machines? How is it measured? 

53. On what kind of machines cannot the indicated work be measured? Why? 

54. Draw a diagram to illustrate and with it explain the many ways in which losses 
occur in heat engines. 


PROBLEMS ON DIVISION 12 

1 . A heat engine converts into work 68,000 B.t.u. per hr. whereas it is suppHed with 
200,000 B.t.u. per hr. What is its thermal efficiency? 

2. A refrigerating machine abstracts 800,000 B.t.u. per hr. from a cold room and 
consumes 194,500,000 ft.-lb. of mechanical energy per hour. What is its coefficient 
of performance? 

3 . What would be the thermal efficiency of a Carnot engine whose hot and cold 
bodies have temperatures of 2,800 and 60® F. respectively? 

4. What would be the coefficient of performance of a Carnot refrigerating machine 
with which an inside temperature of 0® F. was to be maintained while the outside tem- 
perature is 90® E.? 

5 . The inventor of a certain internal-combustion engine claims that the engine will 
produce 1 hp.-hr. with a consumption of only lb. of fuel which has a heating value 
of 18,000 B.t.u. per lb. It is found that the maximum temperature of the gases within 
the cylinder is 2,700® F. and that the gases are exhausted at a temperature of 850® F. Is 
the inventor’s claim probable? 

6. What is the efficiency of the Rankine cycle with steam leaving the boiler at 150 lb. 
per sq. in. abs. and 250® F. of superheat and leaving the engine at 1 lb. per sq. in. abs.? 

7. How much work would be obtained from 1 lb. of steam in passing through the 
cycle of Prob. 6, and how many pounds woqld have to be circulated per indicated horse- 
power-hour? 

8. The clearance space of a 6- by 15-in. Otto gas engine was found to hold 5 lb. of 
water. What is its theoretical thermal efficiency? 

9. An air compressor has a displacement volume of 6 cu. ft. and a clearance of 5 
per cent. If the compressor operates between 5 and 100 lo. per sq. in. gage, what is 
its volumetric efficiency? (n ~ l.Z). 

10 . An air compressor which has a displacement volume of 8 cu. ft. and a clearance of 
4 per cent., operates adiabatically between 0 and 70 lb. per sq. in. gage. What volume 
of air does it take in per stroke? 

11. What would be the proper intercooler pressure for a two-stage air compressor 
which draws in air at atmospheric pressure and discharges at 110 lb. per sq. in. gage? 
(Assume perfect intercooling.) 

12. In a dense-air refrigerating machine, the pressures in the cooling coils and refriger- 
ating coils are, respectively, 130 and 40 lb. per sq. in. gage. The air enters the com- 
pressor at 34® F. The air leaves the cooling coils at 70® F. Assuming adiabatic 
compression and expansion, find the coeffiLcient of performance. 



4iC) 


HKAT 


[Biv. 12 

IS. In th«' inui*hia«‘ of VJ!, h*nv itMund i uf ui} wuul«} to be cimil t 

iM‘r hour uud what jiowar ^vouhJ huv** ti» ho nui'i'hiHl if if i?, «i«v.j}<‘d to extract 2,000 fiV'^ 
pur hr. from tho <*ohl hod.v',* * 

14. If, in a plnitt .similar ti» that of Fo':. HH™. it is (h>!>trrti in maintaiii a temperature of 
SO® F. in (he mom h* ami tin* w;M<t oufmtu^, flm mmirnsm iu at, tin* temperature q{ 
70® F., what- mtiMi ho tin* pn*NMnn nf fhr .nmiunma in vm\> /s‘ ami F? (AaKume that con 
thunsaiiim (aki'.s jOaoo n( HtF F, ami ‘vai'nii/ation tuln-n plaoo at 20® I»'.) 

15 . If tho mm-fiim* td Fmh. 1 I j;. tn oxfja.-t 2 , 0 (Ml Hjm. pm imur how many 
of ammonia must ho oiroulatod pnf lions '* thatoid amnmnia Inavo.-i F at 75 ° F. 

%'apor h'UA’inp: K ia dry Mitui.-tlod.l 

16. Tin* indi<‘!ttod work «>f an t*n{*ino v> I {.'.‘Oh ft. Ih. prr tovnlutinn. Tho shaft out- 
put of tho aaino «'a«ino is 0..5S7 ft. 41*. pm rovohiuon. U hat »» tin* morhanical efficiency 
of tho oiiKiuo? 

17. Tho intlioat«'<l work s»f tt oompno.-Hn \shioh u-ipdo-s Up, at it t* ahaft and operates 
at 200 F.p.iu. iM found to ho 'A, ’Aim ft. Ih. pm' jrvolution. VVhnt ia tho mochanical effi. 
cioiioy of tho (mmproaaorV 

18. A Mt.«‘am ('ipdno on (oat wa.a found in loipdio S.Otih Ih. nf dry aafuratod steam pec 
hour at 1 lo.d Ih. par fap in. Kar'Si*. ‘Tho haok promun* on dm onfdao waa 0.3 Ib. persq. 
in. gnfro. Tin* aimoaphorio profumio wan 1 h? Ih. in-i m|, in. aim. Thu imlicatod horae- 
powtu* of thf! onrduo wna ISO ainl tho i»o\vor at tho rdmfi dnako hoiMujiower) was 120. 
Compuh^ th(^ ideal (‘arnof olli«aon«’.\‘. tin- ido:il Hanktm* o}hon*m*>', tin* «*nKin(* efficiency, 
tho iudicatod thorinal ollioh'm’.v, tho moohanioui ollii-it-nry , and tho fhormal efficiency 
of tho engino. 
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437. A fuel may be considered as any material that liberates 
its internal chemical energy (Sec. 28) as heat in commercial 
quantities^ or burns, when it is united with the oxygen of the 
air. A portion of the heat which is thus liberated in the 
boiler furnace, or in the cylinder of an internal-combustion 
engine, is transformed by the engine into useful w^ork. Or, 
the heat may be utilized in building heating, for the comfort 
of man. 

Note. — When* Two Substances React Chemically To Form 
Another Substance, Heat Is Often Liberated. — But for certain 
other chemical reactions, the addition of heat is necessary to effect 
the reaction. The chemical process of combustion, and of how heat is 
liberated thereby, is explained in Sec. 157 and in Div. 14 on Combustion. 

Note. — Most fuels consist of pure carbon, or of carbon and 
CHEMICAL COMPOUNDS OF CARBON with oxygen, hydrogen, nitrogen, and 
sulphur. 

438. The subject of ‘‘fueP^ is a veiy important one, since 
it may be the determining factor in the selection of a boiler, or 
even of the type of power plant that should be used. This 
selection should depend upon the type and quantity of fuel 
which is available in the community, or upon the facility of 
transportation of the fuel from some other community. 

Note. — Besides knowing what fuels are available, and what 
they will cost delivered to the plant, something should also be known 
about the classes of fuels, the substances contained in them, the heat 
values of the fuels, and the characteristic manner in which they will burn. 
Only a few of the most important facts concerning fuels can be treated 
herein. 

439. There are three classes of fuels, under which all may- 
be grouped according to their state of matter (See. 49) : 
(1) Solid. (2) Liquid. (3) Gaseous. Fuels of each of these 
three classes are available, either in their natural states or as 

417 
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tliey hiive 1kh‘Ii pniiarecl hy mail. Fu(4.s of the different 
(dasses are (lisciisscal hi following .soctloris. 

440. Natural solid fuels <^xist in, among otlua-s, the forms 
listed bedow. Thert^ an^ many ot hm’ na t oral solid fuels such as 
corncobs and tanbark. llo\v<‘V(u% th(‘y an* of n datively minor 
pracdical importaiKa* and htme<‘ will not ]><* tn'adtnl here. 


Tan s'l'RAW of whkat, iivn, anu othkh oh.ons is sometimes used 
a,s fuel for tlu^ tuigin<‘H iu the harvest tiehl.s. Ihalers liav(‘ been designed 
•specially for huriiinjij; tfiein. '‘I'lH'y have ru'ver hoeu ustsl except where 
atra,w is vtuy |)l(mliful aiul ot.h<‘r fiu'ls Kt‘are<*. Str.aw would not be pur- 
duis<Hl for this purpose, a,H it hurii.s very rapidly ami is iucouvoment to 
handhi. 

Ba(Sassk, which is sugar ca-iie from which tlje juict* has h(‘cn pressed 
is us(hI in sugaa’-phintaliotj mills when* a larg<‘ amount is available. Itis 
cheap and makes a fair stiaimiug fu<d for (he sugar mills. 

S.VWDUS'r, BARK, .SLABS, AND OTHBlt SAWMILL UKFUSH, fouiul arOUIld a 

saAvmill may be. used to fin* (la* furuaees (»f tin* mill. Us low heating- 
value renders it uneconomical as a. fin*! if it must, ht* traai sported any 
(jonsiderable <li.st.a.n(U5. 

Wood i.s sometinu‘s used as a. fin*! in t in* household a inh for steaming 
purposes. Its ut.llit.y !ia,s h(H*n dmuonstniteil for .ages. However, due 
to the scarcity <>f lumlun* for building purposes, w(}od is being used less 
frequently as a fuel as Hm<* progressits. 

Coal (Big. 391) is hy far tin* most important of the solid fmds. Thisis 


due to its abunda.n<a*, (uisi* wit.h whi<*ii it may Ik* handl(‘d, and its heating- 

vahn*. 'Th(' fu<‘ls lis((‘(l above are pri- 
niarily of veg(*lahle origin. Coal also 
<I(*riv<*d from the .sanu* source. In- 
V(*h( iga't ion shows t hat , many centuries 
Bgo, th«‘n‘ were gn‘at. for(*s(H of vegeta- 
don, mtn*h more* ahumlant and dense 
than any which now (*xist. These 
...d”' Forest.s iliriv(*d in c!iina((‘s coasiderably 

much inon* humid than 
those of (In* pn'sent, day. Tlicn, some 
g(*ologieal uphea.vai occurn‘d. Thereby 
tlu*H<* growths of vegc*tation were in- 
undated wit it <‘arMi, rocks and water. 
Fra 301.-Mic.mcor.io <mlarK...u,..a (h.-y WOW to high 

of a nunuto fragawat Of coal. * ; , , . . 1 1 x £ 

tempm'atur<‘.s, <lu(* to the mtorimlheatot 

■the earth (Sec. 69), and to great preHHure.H. 'TlmH the coal (Big. 392) 
was' formed. In some localities, coal is fouml m‘ar the surface of the 
earth. In othcrS| the veins are far' undt^rgroumb Duo to different 
original constituencies, pressures, temperaturtw, ainl periods of con- 
finement, different grades of eoal were formed. 


Fig. 391. — MicroHcopio cnlavKonani 
of a aiinuto fragaioat of coal. 
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Peat is another fnel which is used to some extent in certain localities. 
It is a mixture of partially decayed vegetable deposits and water. It is 
found under water, or in marshy ground, called peat hogs. 'V/hen the 
water is dried from, the material, it burns freely hberating considerable 
intense heat. It is clean and convenient to handle. Peat is used only 
in the localities in which it is found. 



Fig. 392. — Section through an English colliery showing coal seams and method of 

working. 

441. The prepared solid fuels which are used extensively 
are charcoal and coke. 

Charcoal is formed when the volatile matter (gases) which was 
originally contained in wood, is driven off without burning the wood. 
Charcoal is almost pure carbon. When it is burned under a strong 
draft, it produces an intense heat with practically no smoke. It is used 
in cupolas, furnaces, and in forges for special heating and heat-treating. 
The best grades of charcoal- are obtained from beech, birch, and maple. 
Charcoal is a by-product from the manufacture of turpentine and wood 
alcohol. 

Coke is formed when the volatile substances which are contained in 
coal are driven off without burning the coal. It, also, is nearly pure 
carbon. It is used for heating, especially in the metallurgical industries. 
Coke is a by-product from the manufacture of coal gas. Petroleum coke 
is a product of the oil refinery and is characterized by having practically 
no ash and a high heating value. 

Note. — Briquetted fuel is another of the solid fuels which is exten- 
sively used in European countries, and to some extent in the United 
States. The principal constituent of this fuel is, usually, coal which has 
been crushed and mixed with some combustible binding material, such 
as coal-tar pitch, and thetf pressed into briquettes. Fuel in this form 
has the advantage of being uniform in size and of making few chnkers- 
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I t off i)ul han a hratiug viihio, ami pomits of 

high raUi of romhu.st it>n. 'Fho t‘X|u‘n.sr uf Us pn‘|>aral ion has^ ^ 

j>urpos(‘Sj nauloroti it.s imo iimMaaiotnifal in Aiuariaa. ’ 


442* Petroleum Is The Most Important Of The Natural 
Liquid Fuels, llunx* is d^mht as to tin* rxa(4 origin of petro- 
leuin. It is g(*n<*rally ajgrooih ht^\vov<a% that it was foraiedby 
plant and animal mat tin;, whioh was in pn^historio agos covered 
l)y (‘arth and rocks. Aftor doing thus (‘ovtaasl, the matter 
docaycHh Tlnm, for c(*nturhss it was suhjoctod to confinement 
and pn^ssiirt^ in porous ruck ami gravel, or in po(‘kets below 



Fkj. tlui <M'«Mirrcnc(' nutl mtuinr, of oil niul imfiiml gas. 


non-porous shaJ(\s. This nxsultcd in its Ixnng (‘hanged to the 
present liquid petrolcnim (I^dg. 2t)2). 

443. Petroleum vari(\s in color from light brown to dark 
brown, aca'ording to tin* hxndity from which it corners. The 
cliiel constituent's of pcdrohnim an* liydrocairhons (chemical 
compounds of liydrog<m a.mi t‘a.rhon). It is (ht'st* liydrocar- 
borus which r(nid<n‘ it- valua-bh* as a fmd. Ih'trohnun and its 
produces are uscal in boik*r furnfusss (Him*. 497) as a fuel for 
generating steam, or dirtndly in intt'rnabc^oinhustion-engine 
cylinders (Sec. 534). Ida* prodmds from pcdrolcum are also 
used for heating and lighting I mihlings. At presc^nt, petroleum 
is relatively plentiful. 

Note.— PBTKOX iBUM may bis used as a ktnsn in onsinniNiNO boubb 

B'TJBTSTACBS ANO IN LAKOB KNOINBSS OB THK BIISHBL TYFB, jliSt IIS it IS taken 
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from the ground. Other substances such as road oils, benzene, paraSin 
wax, lubricating oils, are made (Fig. 394) from petroleum by fractional 
distillation (Sec. 444). 


Fmkh 

wsolh 


fFinmhed Ksrosem 0!l 





is=>s: - i 




/ •Oolsolim B’ioimp Oils C‘li&hi Lub'.OilsD •• Gas 0//£~ FuetOUp^ P(»rotffiniYeixQ‘Aufomabile Oilsf{‘ Fi'nhhesiCylincAer SiocH, 

Fig. 394. — Diagram of an oil refinery. 

Note. — There is another source op oil supply which is now being 
utilized to some extent. Oil may be derived by heating and treating cer- 
tain surface shales which are found in 
the Rocky Mountains. 

444. Some of the prepared 
liqxiid fuels are obtained by frac- 
tional distillation of crude petro- 
leum as gasoline, kerosene, and 
naphtha. There are many others. 

At different temperatures, differ- 
ent distillates vaporize from the 
crude petroleum (Sec. 443). 

Some are very volatile and have 
low specific gravities. For auto- 
mobile and aeroplane engines 
(Fig. 395), gasoline is at present 
indispensable. Kerosene is used 
to a large extent in rural com- 
munities for lighting and heating. 



Fig. 395. — Vapor from the liquid 
The petroleum distillates contain fuel (gasoline), used directly in an 

less impurities than the crude “gin- 

petroleum, are very rich in hydrocarbons, and constitute 
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excellent fii(4«. ^’’urioii.s gra(ic\s of fuel oils, iu^avier and ' 
volatile than ktu-ostau^ anti gasoline, nn‘ also distilled from 
crude oil. htaivit'r <nls an* disHlltal ofT tii the higher 

temperatnn^s and I lit* ligldtu' prodinds ai> tht^ lower tempera- 
tures, all as t*x}d;rm<*<l in Div. It). 

445. Alcohol may 1><* tdasstai as a |>n*par(‘d liquid fuel 
Wood Alcohol, is obiaiiUHi by iht* <!(*stnictive distillation of 
wood. It finds its gr<*at(\st, ust* as a fu(*I for small stoves and 
heating-lamps in t lu* laborat ory and in oth(*r places where a 
clean effectivt* rnpiid find is naiuinsl. It is too (^xixMisivo, how- 
ever, for c^xtensivt* nst*. Denatured <deohol is alcohol made 
by the distillat ion of a f(*rm(*nt<Mi solid ion of grain, molasses 
syrups, or similar plan t substanctxs, to which has Ix'tmaddeda 
small amount of vmod alcoliol or otlna* poison. It is used for 
the same purposixs as wood ah'ohol. Likmvisi*, it. is too expen- 
sive for extcMisive usi*. 

N'otb.— BiiiNZOL is aaoth<*r li(iai<l fu(*I. If is a Ijy-pnnhic.t from the 
manufacture of c.okd!. B<,‘<‘auKt‘ of (he small (iuan(iti(‘s in which it is 
maniifacturccl, it is not. used t,o any j^n'at (‘xUnit as a, fmd at present. 
It is, liowcvcr, a good fmd and may Ix* us(‘<i niom* in intrn-nabeombustion 
engines, or it may he mixe.d with gasoliiu'. In color and odor it resembles 
gasoline. Its frecizing point is, ho\v{*v<‘r, rallun* high (nhout dO® F.). 

446. A Gaseous Fuel Is The Theoretically Ideal Fuel.-— As 
compared with the finds of tin* otluu* two stab's it. is extremely 
easy to handle. Its coinliiist ion-rati* may b<' nuidily regulated. 
It produces an ev(m luiat and, wh(*n* it is usml, th(*re is no waste 
or inconvenience diui to an ash nssidmy 

Noth.— G ABB o era fuels coNTMiy cuA<'Tn'ALi.v no fuke carbon, but 
have in them carbon compounds and uneomhined ga.s(‘S such an oxygen, 
liydrogcn, and nitrogen. 

447. The Only Natural Gaseous Fuel Is “Natural Gas.”— 
The origin of natural gas is similar to Hint of ptdroleum 
(Fig. 393). It is usually found adjacemt t,o or above petroleum 
deposits. Also, it is sometiin(*s ftiund assoedated with coal 
deposits. The gas is, umially, found in pockets and under 
considerable natural iiressuixL It is obtained (Fig. 396) by 
drilling deep holes— wells—in to the grouml. Pipes are placed 
in the holes as the drilling progn‘ss(‘s and the gas is then forced 
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out through the pipes by its own pressures. Thence it is 
conveyed to the consumer by pipe lines, some of which axe 
many hundreds of miles long. In the very long pipe lines, 
booster compressor stations main- ^ 


tain the gas pressure. The com- 
pressors are usually driven by gas 
engines. One of the long gas lines 
extends from Texas to Chicago. 

Note. — The Heating VAiiUE Op 
Natural Gas Varies Greatly. — The 
gases from some localities have a very 
high heating value, while those from 
others have a low heating value. 
Natural gas is a good fuel for use under 
boilers, and for heating, lighting, and 
cooking. In the immediate vicinity of 
the gas fields, the price is usually low. 
This may, in such communities, render 
it preferable to other fuels. 

448. Prepared gaseous fuels are 

derived from two main sources: (1) 
Coal, (2) Oil. In the operation of 
blast furnaces (coke, Sec. 441, ordi- 
narily being used as the fuel) a 
large quantity of fuel gas is pro- 
duced. It is called hlast-furnace 
gas. Precautions are often taken 
to prevent the waste of the gas thus 
formed. It may then be utilized 
as fuel to generate steam in boilers 
or for direct utilization in internal- 
combustion engines. The quality 
of this gas is relatively poor. As 



it comes from the furnaces, the — I'iping in a natural-gas 

gas contains dust which must be 


filtered from it before the gas can be used in internal-combus- 
tion engines. 


449. Coal gas is produced (Figs. 397 and 398) by heating 
bituminous coal in closed containers. It is manufactured in 


cities and sold for lighting and heating. The gas, which' 
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distills oif from i h(‘ !u‘at od coal, is stored in tanks or gasometers 
iiiuka- |)rcssurc. Funn the ii;as«>nict(*rs it Is pip(Kl to the con- 
sumcr for use in st ov(^s^ ^asdiglds, waten- hc^aters, and other 

c<Misiuiiiiio’ devices. It h 
/Ptofform ^ t'^i><aisiv0 to be Used 

I TT|TY-n I A/rFas,w^^^^^ for act icra 1 i r..a st,eain for steam- 

’C '• .* powta plants. I he solid sub- 

fe A ^Uuivv I(‘ft aft(,a‘ the gas hasbeea 

i I'l'''’ <‘xp(‘ll(s,l from t lie coal is coke (Sec 

I J ..mu. 


■ - - ^ ^ No'rn. Otiihh oases arbmanotac- 

r-^. , 'rcuen: .1// oiPwntrr gan Is obtained by 

'2 I titomiziafi: crutb* oil tind then mixing it 

-If CIJ't-— 'I ,. 'vitb slcaiu. l^iniHch gaa is inanufae- 

k tarccl by allowini^ oil to fall, drop by 

jl ; ! drop, <ni a hc.nttMl surface. The gas 

If ‘Ij 11 li* 'A tlois formed is oollrrlcd a 11(1 cumpressed, 

■ r r ; oftcti to th<‘ li<iuid state. After com- 

■ I '■' ' >A( k prcssiori, it, is forced into metal cylin- 

I ' -j shipment- to the consumer. 

: i Its child usi‘ is for lijilhiing. Water ga^ 
y/ H f-'ll ' ... is produe(sl (JdK. iilhf) by passing steam 

'>■■' • dirou}i;h carbon which is at a red heat. 
' ' ' ' “ ' " The g;:is givtm otT has a low heating 

Fxa. 307,-~-S..criw^ bluo flame. 

Ilowevm*, if vaporizinl oil is mixed with 
tdiia gas, a luruinous dame, siutablc' for lighting, is prodmaHl by the com- 
bustion of the mixture in air. Air gan and i>l(i}ii-/urti(u'r (/as are produced 
by passing a minimum (piantity of air through a thiidc layer of glowing 
coke or other solid fueb- the n'suKing gas has a low h(‘ating value. 


-SiKji.ieti ttirouKh a < 
Ti'iOVt. 



Fia. 308.“-“IUuHiratiuft; tUi'* inajmfae,tAirr <,}f tusal gas. 


460. There are two methods of determinmg the chemical 
energy in fuels, which is liberated as heat energy when com- 
bustion occurs and which may be partially titilized in doing 
useful work: (1) By analysis, (2) By calorimeter tests. If a» 
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analysis of a fuel is made (as hereinafter described) and its 
various constituents thereby determined, it is then possible 
by applying certain graphs or formulas, to determine with 
approximate accuracy, its heating value in British thermcd units 
per pound. If a calorzmeter test (described in a foUowing 
section) IS made on a fuel sample, the heating value of the fuel 
may thereby be determined almost exactly. It follows, then 
that the analyses may be employed for approximate determina- 
tions and the calorimeter tests for more exact determinations. 



Fig. 399.— Illustrating the manufacture of water gas. 


Note. The following information concerning fuel analyses 

AND TESTS relates ALMOST ENTIRELY TO COAL, but the Same general 

process is followed for the determination of the available heat energy in a 
ruel of any class. 


461. Table Of Heating Values And Constituents Of Fuels 

The data shown in the table is only comparative, as the heating 
values^ and composition of the fuels vary widely. The values 
here given are the average or usual ones. 

452. The heating value of a fuel may be defined as the 
number of heat umts given up* by it or liberated when a unit 
quantity of the fuel is completely burned (in oxygen or in the 
air). For solid and liquid fuels, heating values are generally 
expressed in British thermal units per pound of fuel. For 
gaseous fuels, heating values are generally expressed in 
British thermal units per cubic foot of the gas (measured' at a 
standard pressure and temperature of 30-in. mercury column 
and 62° F.). Fuel is purchased primarily to produce heat. 
Therefore, the greater number of British thermal units that 
a given amount of the fuel will produce, the better is the fuel, 
other factors being equal. 

Note. The heating values of Gaseous and liquid fuels should be 
expressed as either “higher” or “lower” values, sometimes called 
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=1^ G— Gebhakdt. “Steam Power Plant Engrg." M— Mahks. “Mech. Engrs* Hb.» P— Poor,E, “Tte Calorific Power of Pxaels. 
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total values and net values. When, in making heat-value determinations 
of fuels, the products of combustion are cooled below 212° F., any water 
vapor which might have been formed by the combustion of hydrogen 
in the fuel and which passes off as a product of combustion, is condensed. 
In condensing, the water vapor gives off its latent heat of vaporization. 
The ''higher heating value’' of a fuel includes this latent heat. The 
"lower heating value” does not include this latent heat. The heating 
values of solid fuels, as generally computed, are the "higher” heating 
values. The hydrogen of a sohd fuel is thus generally neglected when 
its heating value is given. The reason for this is that it is extremely 
difficult to determine accurately the lower heating value of a sohd fuel 
unless an ultimate analysis of the fuel is available. (See White, "Gas 
and Fuel Analysis,” page 281.) Ultimate analyses of fuels are expensive 
and are seldom made. 

However, it is a fact that the lower heating value provides a better 
index as to the effectiveness of a fuel, for the usual power plant conditions, 
than does the higher heating value. This is because, in the usual power 
plant, the combustion gases leave the steam-generating equipment at a 
temperature higher than 212° F. Thus, the water vapor which was 
formed by the hydrogen when the fuel was burned in the furnace has not 
condensed and given up its latent heat of evaporation to the flue gases 
if the gases leave the steam-generating equipment at a temperature 
higher than 212° F. Chemical- and bomb-type calorimeter determina- 
tions give (unless involved corrections are made) "higher” heating 
values — because with these calorimeters the water vapor which is 
evolved in the crucible condenses and gives up its latent heat of vaporiza- 
tion to the jacket water in the calorimeter. 

453. The Quality Of A Fuel May Be Determined By An 
Analysis. — There are two analyses in general use for coals: 
(1) Proximate analysis, (2) Ultimate analysis. The proxi- 
mate analysis is relatively simple and does not necessarily 
require a chemist for its performance. The purpose of a 
proximate analysis is to determine the amount of the following 
substances which are contained in the fuel: (1) Moisture. (2) 
Volatile matter. (3) Fixed carbon. (4) Ash. The ultimate 
analysis must be made by a competent chemist. This 
chemical analysis shows the amount of the following sub- 
stances in the fuel: (1) Moisture. (2) Carbon. (3) Hydrogen. 
(4) Oxygen. (5) Nitrogen, (6) Sulphur. (7) Ash. In each 
of these analyses, the amount of each substance contained in 
the fuel is usually expressed as a percentage by weight of the 
whole. 
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Note. — Ip the powkr-peaxt man is Tt^ i n roiaAOKXTLY ttjecease 
FUEL, he shcHild kipnv wliiph of these e<mst ituetits tend to make a good 
or a poor fiud for the purpose for whieti it is to Ih‘ u.s<*<L Either of the 
analyses will pro\'id<^ him with vuhialde infcunua t i<»u. 


464. The proximate analysis of a coal | )rovi(l<‘s data whereby 
the behavior of tlu‘ (‘oal in a ftinuu-e may Ix^ intelligently 
pnHUeltMi. Ihd’oiT^ making; tlu‘ analysis, how- 
ev(‘r, gnxit care must Ix' takcm to insure that 
tlu^ (‘oal whitdi is fxdng; tcsstial is a really 
rcprrsrNiiffii'r ,s*n/N/^/e of tlu^ coal from which it 
is taktan Tlu^ following; n(d(\s on tlu' sampling 
and a,nalysis of e<ml ar(‘ abst raetxai fromPoWER 
Plant dh-isTiNo by J, A. Moyca*. 

8AMPiiiN<i. For all t<‘st.s in wfiirh aininalyBis of the 
coal or its cnlorilie valm* is to 1 h* det<‘riniiu‘(l, it is very 
uc<‘,essiiry that. t lH* samph* t.o be testtul he* H(dod;cd with 
the great.est. <ranx Pro[)ort iotia t (* amounts should be 
ta.keiiL of both large; and small sizes ns well as of the 
dust. At. lea.st 200 ih. of (*oal is eolh*ct ('d for the process 
of sampUiig for t b(‘ analysis. 'Fliis amount of coal is to 
be l)rok<m up on a, elean iloor by any <*on vtuneiit means 
to a siz(^ of a.bout. hrhn <lianu‘ter, thtm thoroughly 
mixed and spread (xiton a Hat cireular pih*. d'hispileis then “(quartered” 
‘and the opposite cpiarttirs arc; (Us<\ar<letl. Tbt' nunaindm- is now broken up 
to about hi-in. dianiet.er pi<‘c<\s ami t Ih‘ mixing, <piart(‘ring and discarding 



F I G . 4- 0 0 . — 

Cotloe-null uHcd for 
grindiup; the coal 
sample prior to 
pidvorissiiig. 



Fio. 401 'M ortar and 
pestle for pulvcsri/ang coal 
Ramplo. 



Ft«i. 402.' ■ W<4«hin« cetd sam- 
ple. 


is continued until from 5 to 10 Ih. ronuunH. Tbm is to l:>t^ put into a glass 
jar or a tin ca.n that can lx* lumh’t airtight . The; HcalinK should be care- 
fully done, to prewent any deterioration <»f tht^ sample in transportation 
to the laboratory where the analysis is to he imule. 

In the laboratory the coal alKnUtl be emptied frtun the Jar or can and 
crushed (a coffee mill, Fig, 400 may bo used) to a finenesa of about a. 
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20-mesh sieve (20 meshes to the inch) . The coarser pieces may be broken 
in a mortar (Pig. 401). The crushed coal is thoroughly mixed and a 
small portion which is to be used for the analysis— about 2 or 3 oz —is 
put into an airtight bottle. The remainder of the crushed coal is put 
back into the jar or can and sealed. It is 
to be retained for possible future use for 
check tests. 

Moisture. — Weigh into a covered crucible 
about 4 grams (about oz.) of the coal 
which passed through a 20-mesh sieve, that 
was prepared and bottled for analysis as 
described . above (Fig. 402). This should 
be done as quickly as possible to avoid loss 
of moisture to the air. Remove the crucible 
cover and heat in an oven or similar re- 
ceptacle (Fig. 403) for 1 hr. at a temperature 
of from 220° to 230° F. At the end of the 
hour, replace the cover on the crucible, re- 
move it from the oven and place it in a 
desiccator (Fig. 404) to cool. When the 
crucible and the coal which it contains have 
cooled to nearly the room temperature, they 
should be weighed. Again remove the 
crucible cover and heat as before in the 
oven for K hr. longer. If the weight has 
remained constant, no more heating is “moisture” deter- 

necessary. The difference between the first 
and last weighings is the moisture in the coal. 

Volatile Matter. — Now weigh out a new sample of about 1 gram 
(3^0 oz.) of the “20-mesh” crushed coal into a platinum (or platinum 
substitute) crucible weighing 20 to 30 grams (% to 1 oz.) and having a 
closely fitting cover. Support the covered crucible on a chemist’s tri- 
angle (Fig. 405) of nichrome steel or of platinum which should be 3 to 
33 ^ in. above the top of a good Bunsen burner. (The burner should give 
a free flame about 8 in. long.) Heat the covered crucible for 7 min. in 
the full flame of the burner. Cool the crucible in a desiccator and then 
weigh carefully. The loss in weight is the sum of the volatile plus the 
moisture. The room in which the test for volatile matter is made should 
be free from drafts which might cause a variation in the intensity of the 
flame. 

Fixed Carbon And Ash. — Remove the cover from the crucible which 
was used in the “volatile” test and heat the crucible and the residue 
with a Bunsen flame or with an air-blast lamp until all of the carbon has 
been burned, and the weight of the crucible and contents becomes con- 
stant. The contents of the crucible may be stirred shghtly with a plat- 
inum wire to break up the ash — ^which should become a powdery mass 
when combustion is complete. Combustion is assisted by inclining the 
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Fig. 403. — Drying the coal 
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crucible on the triangle durin^i; this t<‘st, so as to a<lnui, air more freely 
for oxidation. Alder cooling in a. d(‘si<M-a{or, innk(‘ a, final weighing of 
the crucible and contents. I’lu^ dithn-eiu'c hiduaam this wcaght and the 
weight of the empty crucible, without its c<»ver, is (lie winglit of the ash. 
The weight of the Oxasl carbon is detennined by sublraivling the sum of 
the weights of the nioist.ur(‘, volatile, sn<l ash fnan the original weight 
of the sample of coal t(‘s((‘d. 

Note. — WEnauNtss snoiiiu) be made wmai onEMU’AL s<'aleb which 
are semsitive to 1/1,000 of tlu‘ amount weight'd, dhvo determinations 
of the eompkvte analysis slumhl bt' math' of t'at'h sample and the results 
should cheek within ,‘2 per (‘(‘id . of th<^ weight of tht* (‘oal used. 



.•Cover On 

L 



Purncti 
tfut iw 



Frti. -tot. lOf). 

Fio. 404. — Di*.sic(!nl.<)r <.<> nreveut iipl fi' nhr ui.stuiM whihi cooling. 

'Pht' dtssiticutor vidliy.cH (.ht' fatS. 1 hut (MM'tuiti .aihfa un«'«M t:,nl| »huri«’ aciii in lht< ono ahowii 
luu’(*) hnvt* a udiuit.y for \vu(«‘f un«l will uhtHu h wut»'r %atiM*i .surrounding air. 

Sulphuric, iicid absorljH wutur vtipor much moru rujiidly Ih.uu ilry <u)ul. Hence, 

when a, dry coal HUJuplt* which also l«*«dH to ah-aub vttp*>*’ fr<‘*u the air — -i.s placed in a 

dcisiccatiOr to (tool, tiu* luoiMt tirc insidt' ( he <lcaiccut ur i?* jpucdvly abtiorbcii by its air-drying 
substance. Therciforc, the coal aample ta prt'vcntcd frtaa nbi«>rbiii|i; moisture while 
cooling. 

Fia. 405.-— -Hciatiug crucibht containing coal aaiaph' fi>r “volatile'* dtdermination. 


Tl-Iffi PEJiROENTAOE (>F IOaoU Oe TuE DiFFEUEN'C ( \ INSTn’OENTS MaY 
Now Be CoMPtmio,-^' Fniin t lu'st': ptenaudfigt's Hut vahu' of the coal may 
be intelligently judgtHh If Uu^ ttsh <a>id(‘td. is liigh, it. may Ixt assumed 
that the coal is a ndativtdy poor oiua A hirgi* p<‘r<‘(‘idage of ash in a 
coal lowers its luuiting vahuv tuuistjs troubh^ with t'linktn’H, and increases 
the expense of removitig ashes. ''Fhe amount of vtdal ih‘ indicates whether 
the coal will burn with a long flame or a short flana^ and whether it will 
tend to produce smoke. Thci grtuiter the amount of volatile contained 
in the coal, the longer will be tlu*. flanu^ and the more likely will be the 
production of smoko. Whesthor or not the fuel burns with a long or a 
short flame will determine the method of firing whkdi should be useii* 
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It ms-y also lb© a dotrermiiiiiig factor in th© selection of tlie proper type 
of furnace. 

Combustible is the term applied to that portion of the coal which is 
not included in the ash and the moisture content. That is : The com- 
hustible = {volatile) + {fixed carbon). In general, the larger the percent- 
age of fixed carbon and volatile, the higher will be the heating value of 
the fuel. 

Note. — O ccAsioisrALLY coal may lose a part of its moisture by 
air drying, or other means. If a proximate analysis which was made 
upon a sample of the dried coal is used instead of upon a sample of the 
undried coal, the results obtained thereby might be erroneous. There- 
fore, the proper method of procedure is to make the proximate analysis 
on the basis of “ JlS Received.” Then, by the method given in the follow- 



Fig. 406. — Grapli showing the approximate heating value coal per pound of 

combustible. 

ing example, reduce the analysis as made on this basis, to that of the 
Dry Coal basis. 

Example. — Suppose the proximate analysis of a sample of coal, made 
on the “As Received” basis, shows that it contains the given percentages 
by weight of the following substances: moisture, 8.50; volatile, 37.75; 
fixed carbon, 51.10; ash, 2.65. What would be the percentages on a Dry 
Coal basis? Solution. — The content of the coal, omitting the moisture, 
is 100 — 8.50 = 91.50 per cent. Then, the percentage of volatile in the 
sample on the Dry Coal basis = 37.75 -4- 91.50 = 41.25 per cent.; fixed 
carbon — 51.10 -r- 91.50 = 55.90 per cent.; ash — 2.65 ^ 91.50 = 2.85 
per cent. 

Example. — If the ash be eliminated from the analysis on the Dry Coal 
basis, what per cent, of the combustible is the volatile? What per cent, 
is the fixed carbon? Solution. — From the above solution: {The per 
cent, of volatile) + {the per cent, of fixed carbon) — (41.25 -f* 55.90) = 
97.15 per cent, combustible. Therefore the combustible contains: (41.25 
-r- 97.15) = 42.48 per cent, volatile, and (55.90 97.15) = 57.52 per 

cent, fixed carbon. 
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NoTK.— F it'?. 40r> siunvs (ntAI-HU'ALLY TilK APPHtlXIMATB HEATING 
VALITEW in B.t.u, p(‘r Ih. nf n<ml that nniy lu‘ in coals of various 

ratios of volatile to fixed earhou in the eomhustihtr. 

Example.— W ha,l. is ih{‘ appro\iniat<‘ ht^nt iiig valn(‘ in B.t.u. per pound 
of thin coal? Solution. 'rin‘ ratio of ndafile to fjud earhon = (42.48 v 
57.52) “ 0.735. From h'ip;. lOt), I Ih. of this coal eontains 14,400 
PJ.ji. per lb. of ronibustilde. From the previous (‘xamplc, the “Dry 
CoaP’ sample eontams t, 55.91) f- 41 .25 ) 97.15 per rent, combustible. 

Therefore, the heat value of I th. of the “/>r// PoaV'' (97.15 X 14,400) -f 
100 = 13,990 H.Lu. 

455. The ultimate analysis of a coal is nuido for i.he purpose 
of cleterininini^, th(^ inuTTUitapctL hy \v(‘ip;ht, of th(‘ (4ementary 
constituents or eltuiuuts coiitaintni th(‘n‘in. This chemical 
analysis determincts th(‘ p(9*c(‘ntagt‘s of, airbon, hydrogen, 
oxygen, nitrogen, and nulphiir coiitain<‘d in tlu^ sample. The 
analysis method which is mnploytsl is t'oinplicjited and neces- 
sitates skillful manipnhition. Thmu'fon* t in* analysis must be 
made by a compettmt <dunnist. Th<‘ pro(‘<‘ss of making such 
an analysis will not h(^ d(‘scriht‘d lunuun. In ptnTorraing this 
analysis, the chemist may also d(‘t<‘rmin(‘ th(‘ amounts of 
ash and ‘moisture in tht‘ coal and also th(‘ (‘humuits whicii 
constitute the ash. An ultlniat<‘ analysis Iniving lieen made, 
the heating valium of iho coal may b<‘ dthtuTnined approxi- 
mately by substituting in For. (320), S<‘c. 4()9. 

Note. — Foil the heasoms (uven undeh cHo.\iM \'rE analysis (Sec. 
454) the basis-— whetlier “Dry” or “Ah H(‘<m4v<mI” should be known so 
that correct compariHons may hi* nunh* htd wi'cn (In* junilyst^H of samples 
of different coals. 

466. Fuel Calorimeters Are Devices For Measuring The 
British Thermal Units Heating Values Of Fuels.— (Se(3 Sec. 
452.) Both coal (Fig. 407) and gas cnloriimders of several 
different types are mauufacdunal. llu* majorit y of the instru- 
ments of these various t-ypiNS opc‘rat(3 on thci same iirinciple. 
They nicasure the hc^at, usually in Bdau, which is liberated, 
by the combustion in oxygmi, of a given w(*ight of the fuel 
which is under ti^st. In them, iho hcnit whiidi is liberated 
by the combustion of the l.(ust“samph‘ is penunitted to pass 
into a known weight of water. Thou td'u^ risC’S in temperature 
of the known weight of water is noted. The calorimeters of 



Sec. 457] 


FUELS 


433 


the various types differ from each other principally in the 
method whereby the oxygen necessary for the combustion of 
the fuel is supplied. In some calorimeters, the combustion 
is effected by the oxygen in atmospheric air. In others almost 
pure oxygen gas is forced into the combustion chamber under 
high pressure. In still other types, the oxygen is supplied 
by some oxidizing agent — a powdered chemical — which is 
introduced into the combustion chamber of the calorimeter. 



Fig. 407. — Construction of an inexpensive coal calorimeter. 

457. The accuracy of a fuel calorimeter depends upon twm 
factors: (1) The completeness of the combustion. (2) The 
amount of heat lost. Various mechanical arrangements have 
been devised, whereby inaccuracy due to these factors has 
been reduced to a minimum. 

Explanatiojst. — Inexpensive coal calorimeters are frequently con- 
structed according to the principle of that shown in Fig. 407. This is 
known as the chemical type. The steel crucible, <7, is lined with some 
substance which is not affected materially by the products of combustion. 
This lining material is sometimes an enamel. In the more expensive 
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typoK, ihe lininK plaliimin orgoh!. Whih^ llu‘ it‘H{, in Ixiiiig made the 
criKuhle is iinmorstHl in th(^ \vatni% IJ\ as shown. l'lu‘ vvatcu' container i 
is enclosed by an nir-jacdctd ea.sing;* tt» minimize the heal loss by radiation 
and eoiuliKdion. Tins metal st<mii, M, is Imllow and <‘losed at the top by 
a serew-caip valvt% W Win‘.s for tin* <de<‘trie '‘\pht.liri.n--rircuii pass 
through d/. A fus(‘~\vir(', /* tustiaUv iron), hH*a,t(*d in the crucible is 
comieeicul in st‘ri(\s witii the two eurnmt -supply wires. To burn or 
exi.)lode th<^ et>al, whi<‘h is under t{‘st, this I'ttst* wire is h(‘at ed to incandes- 
eence by a,n ehshrie c-urnmt. 'Tin* woo<!en cover, 7 \ fits tightly. 

To load th(^ crueibhy it is r<nn<>Vi*d and uns<‘rew<*d froin the crucible- 
cover. The sa,mi)h^ oT t‘oal, aft<‘r h.aving Ixuai candhdly dried, weighed 
and thoroughly niixtsl witli some powdrred o\i<lizing elnunical (usually 
sodium peroxi(Uy) is i)ln,(H*d iu t luMuanahh*. 'riu‘ fimetion ol* the chemical 
is to supply th('! ox.vgtm maa'.ssary ff»r th<‘ eoudmstion. A <iuantity of 
water, lb, sufrK‘i(Uit to <‘<>V(‘r the erueible is now (‘and’ully weighed and 
then poured int.o t.lu‘- water eontaim'r. The wat«‘r is then stirred, with 
the st-irrer, S, until th(‘ t<unper:itun‘ beeome.s constant. The mixture 
is then ignited by (dosing lh<^ ehaUrie (dn-uit. Kapid and (u>inplete com- 
bustion ensiKiS. Tln^ In^at libt'r.ated lb<u‘(d>y is inpiarted to tlie water, 
thus raising its tenpxu-ad unu Sinet* (lu* t he!'iuonn*t(‘r is graduated to 
read in small frafd.ions of a. d(‘grcM‘, tin* ris<‘ in lemp(*radure may be accur- 
ately d(.d.ermined. To ead<*nla,t(‘ th(‘ lu'.at (‘volved by burning the sample 
of coal, add, to tlu‘. w(dght of watcu* surrounding the ermdld(', the water 
equivalent of the {udorim(d<‘r, and multiply tliis sum by tliC! temperature 
rise corrected for llu^ radiation rato during tlie run. h'rom the value 
thus obtained must be suljst raet (‘d tht‘ litsat due to tU(‘ eoml)ustion of the 
ignition wire and tluduail. (‘(piivaltad of the (d(‘etri(‘ eurrmd. us(hI to heat 
up the fuse wire. Tlnm, {N infthrr Of Hritish Thrrt/Kil U'ldta Thm 
Obtai'ned) -i- (Weig/d Of Tiw (Untl Sajuplt'y In. Oaundn) --- Heating Y aim 
Of The Coalj In Per Pound, 

Note. — - lisr bomb-type (’Anoiti.%tETKi{s, whicdi givt^ f ix' most accurate 
results, ccunmeretally-piin^ oxyg(*n gas is foretxl into th(‘ crucilde, ( 7 , to 
provide for eompI(d.(^ e,ombustion of tlx* (xud. d'he gas('ous oxygeu is 
employed, instead of sodium peroxid<^ or similar oxidizing agiuiis. 

Note. — Another memuiou oe uktehmininuj 'riiK uEATmt; value op 
COAL, which is based on tlu^ amount- of l(‘nd wbitdi n fmd will reduce from 
l( 3 ad oxide, is as follows: A samph^ <d’ about- I gram (ai)pr{)xiinately 
0 . 035,3 oz.) of tlu^ (toad t-o bit t,(»Ht(Hl is dri(‘d and eruslx‘d to a fme powder. 
It is then, intimat-<dy mix<td wit h tU) grams of Uthargt* and 10 grams of 
ground glass. This mixUint is now phu‘ed in a (day enn^ibh* and (tovered 
with a layer of salt. Tlie e.ov(tr is put on tint erueil>l<‘. It. is tlutn heated 
in the hottest part of a hoihn* furmux* for about twaudy minutets. After 
the (jrucible has cooled, tlie kuid butt, on is nunovixl and carefully cleansed 
of the adhering slag. The htad is tlum iwumrately wedgluai. The B.+a’, 
per pound of coal may then be eoiuputed by tint following formula; 

H = 

Wa 


( 319 ) 
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Wherein: H = heat value of the coal, in B.t.u. per pound. Wl = 
weight of the lead button, in grains. Wc = weight of coal sample, in 
grams. If this determination is carefully made, the results obtained 
thereby will usually be about 3 per cent, higher than those obtained from 
a similar sample of coal when tested with a bomb-type calorimeter. 

458. Coal Is Classified Into Different Grades And According 
To Its Qualities And Constituents (see Table 451). — Many 
classifications of coal have been made wherein different 
properties were made the basis of the classifications. The 
most common classification, however, is as follows: (1) 
Anthracite. (2) Semi-anthracite. (3) Bituminous (five grades 
low to high volatile). (4) Sub-hituminous. (5) Lignite. 

Anthragite is practically all carbon. It is relatively clean and is 
difficult to ignite. It burns slowly with little smoke. It has a deep 
black color, a shiny semi-metalhc luster 
and burns without softening or swelling. 

Practically all anthracite used in the 
United States comes from three fields in 
Pennsylvania. Small sizes, below pea, 
are used in power and industrial boilers; 
larger sizes are used as domestic fuel. 

Owing to the fact that it is very hard 
it is frequently called hard coal. It 
has a heating value of over 13,000 
B.t.u. per lb. of dry coal. Since it con- 
tains a very small percentage of vola- 
tile, little flame results from its 
combustion. It is furnished by the 
trade in several sizes (Fig. 408). 

Semi- ANTHRACITE burns more rapidly j 2 % 1 . . 4 

than does anthracite coal. It burns p ^ 4 

with a relatively short flame, but with a + i • j 

^ Fig. 408. — Actual sizes and names of 

a longer flame than that produced by some trade sizes of anthracite coal, 
anthracite. This is because the per- 
centage of volatile is higher in the semi-anthracite. It produces but few 
clinkers and httle smoke. It is also sometimes designated as hard coal. 

Low-volatile bituminous coal has an appearance similar to that of 
the anthracites. It has a high heating value, contains Httle moisture 
and ash, and burns with but little smoke. It is somewhat softer than 
the so-called hard coals. It is excellent for steaming purposes, but due 
to the Hmited supply only small quantities of it are used. It comes 
largely from the Pocahontas and New River fields of West Virginia and 
Virginia and the Winber field of Pennsylvania. 
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IUtuminous vo'dh\ ar«\ in Ani«‘ri«‘a^ i>y far the must iamunon. Due to 
Viiriatioim in tlit‘ iHaH'untaiA**!^ <»S‘ vulalilu mattur, sumu uf the bituminous 
coabs burn frt‘uly with a slumt fbuiHS wliilu otlu'rs Imrri with a I(>njj;er flame 
Bitnriiinuus uonls aru <livi<Iu«i into two <'Iassus, as uukinji!: ‘>t* non-coking 
Cukiiifj^ (UKiLy t(aul to swuH ami form solid massus wlnai luuited in a fur- 
iiac-o or rot.ort.. Noms'oking; <‘oa!s burn fruolN' witium! mkiiip; or forming 
niitticid iiias8(‘s, Coking u«ta!s art* ri<‘h in volatih‘ ami are valuable for 
gas and coke manufautun^. 'rimy an* tin* most usud sit ‘am -power-plant 
eoabs. Tho h(‘a,t. vnhu‘ of th<‘ bituminons (-{ntls varies from below lOOOO 
to ov(‘r 14,000 B.tuU. p<‘r ib, 

HuB-nrruMiNoiKs (‘oal does m»t differ grt‘atl.\* from tlu* l)ituminous 
ITowevtn*, it has a lower heatinp; value and slaeks mort^ rtuuiily, when 
exposed to wt‘a.th<'r, tbati <lo the hiluniim»n.s <Mmls, 



Ki(j. 40U.'” I’iiK'h'HH warm air fu« unr*> 1 mi tala’: <’<**‘1 U**utN htaina. 

IjKINITE is tlie low<‘Ht grade of eoal. It has a brown eoior. The heat- 
ing value is low; it e.ontainH <a>n,sidernbh‘ nuti.stnre. It ermnhleH badly 
when dried and, due; i.n its rapiti <leteriora1 ion, is tliflieult itt transport. 
It is used only wlum ol.lnn* <‘oal.s in the loeahty wher<* it is found are very 
expensive. Wlien nnidc’ into briipnd (<*h, Hginte nudies a, fairly good fuel. 

469. Peat Is Not Generally Classed As CoaL If is very wet 
when, found and nuint Ih^ drit^d !>nforn it nan Ih^ burned. It is 
a poor fuel aud is ximd only in plants <dust‘ to the mine. As 
shown in 461, the inoisttin^ eunttnif and the volatile 

matter are very high. ninst^ ptuits have lower B.iu. 

values than that tabulat*(‘<L Like lignites, if it is made iato 
briquettes, a fairly good fuel results. 
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460. The selection of a proper fuel is an important economic 
problem. In selecting fuels for domestic uses (Fig. 409), 
the problem is not of great importance because the expendi- 
tures involved are relatively small. But, if a large building 
is to be heated, the selection of a proper fuel is of more con- 
sequence. An error will affect the fuel bill materially. For 
the power plant, the problem is a still more formidable one. 
For this service, an error in the selection may mean an annual 
loss of thousands of dollars. 


Note. — There may be several grades op coal, oil, or gas avail- 
able for the operation of a fuel-consuming device. Hence a decision 
must be made as to which to use. The factors which should be considered 
are many. A few are: (1) The kind, or kinds, of fuel available in the local- 
ity- (2) The comparative cost between the various fuels available. (3) 
The heat value of the different fuels and their grades. (4) The cost of 
handling. (5) Constancy of supply. (6) Equipment and capital necessary 
for installing the equipment. (7) Depreciation. (8) Cleanliness. (9) 
The nature of the load on the plant (load factor). That is, the load at 
certain periods may be greater than the maximum rate of combustion 
obtainable from a certain fuel. It is not within the scope of this book 
to consider such problems in detail. Each individual problem may 
involve different treatment. 

QUESTIONS ON DIVISION 13 


1. What is fuel? 

2. Into what three general classes may fuels be divided? 

3. Why are straw, bagasse, sawmill refuse, etc., used for fuels? 

4. Is wood used for steaming purposes to any great extent at the present time? 
Explain. 

6. What are the factors that make coal an important fuel? 

6- How was coal formed? 

7. What is meant by a prepared fuel f 

8. How is charcoal made? For what purposes is it most generally used? 

9. What is the main constituent of coke? How is it made? 

10. What is the source of crude petroleum? 

11. Name the chief products of petroleum which are used as fuels. 

12. What process is generally used in preparing fuel oils from the crude petroleum? 

13. Why is not alcohol used more extensively as a fuel? 

14. From what source is benzol derived? Benzine? 

15. How is natural gas obtained from the earth? 

16. Is gas a desirable fuel? Why? 

17. Name and describe the method of manufacture of three prepared gaseous fuels* 

18. How may the quality of a fuel be judged? 

19. What are the chief elements contained in coal? 

20. What is understood by the meaning of the term heat content? Explain. 

21. What two methods of making fuel analyses are in general use? 

22. Describe briefly the method of making a proximate analysis? 

23. What is meant by dry coal? As received? 
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24. If U ''Will aiiHl.VMis shnvvM il Ui Imvi’ :i liirh ahh-cniilml, ^^llal is tl„. usual oonolusioa 
cuiuuu'uiug tin' iiuality of fht* fuul- 

26, What un' llii* usual liuraiuit a .■.ml haviiu: a hiuh porceutageof 

volaiilt' mul.t'Cf? 

26. Wluii smt t!u* h.v nu uUimutr tinu/ //«}«/ 

27 . HliouUl ail iilliiuuti* annlynih Im* ituulf on thi* .'nul xUiih* it Is wet, or shoulditbe 

dry? nsusons ftir your uu^w^•r. 

28. (5iv<‘ tho most cominoti t-la.-i-'dlirat ion of fouls. 

29 . Siusnfy t.iu' fhanu’tfristifN of oufU fluss of ruul. 

30. What, can be Huid of peat u.s u fut-l? 


PROBLEMS ON DIVISmN IS 

1. From the proxinmti^ jmalynis of a r<;iim*lf t»f roiil. the contfnlH were found to be: 

moiHlurc, 12. oO per ctsit.; vohililc pfi' ffiit.; {i%*sl fuibou, 57. Sr) per cent; ash 

5.15 per ctMit. If tli<‘ inoiHtuie is lo be eliuoiiat ed fium the unalvsis, what will be the 
pereentuKe.M of tlu^ other eou.stit ueuts? If the u:»h i;i ebuunuted from the, analysis also 
wha,t pm-eiMilaKc of tin* eombn.stible is tixe<l esarbon, and what pereenl use volatile? 

2. What i« the approximuti* hisifiip;; value of the eoul ipven in I’roh, 1 in B.t.u. per 
pound? 

3. Two coaln are available, I'aeh at per ton. The pereeutsiKe.s of the various 

conHl.itumits of on<‘ (mat, as shown by a proximate an.'dysis, are; moi.sltin', 8.0; volatile, 
Ki.O; fixed carbon, trl.O; ukIi, 12.110. 'bhe contents of tin* se«’ond i>y percentages were 
found to be: inoiatun', 0.0; vohitih', 10. 0; li\«*(l eutbon, 50,00; ush, 4.0. Which coal 
would be the more <‘Conomieal for the pow«u' plant to purehiua*? (Neglect all factors 
exei,‘pt. tins heating vuhu*.) 

4- What factor.M might eamc' tin* power plant manager tiiaeleei the coal represented 
in Trob. 3 by tlm Bainpio having; thei lower hc*atmg value? 
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461. Combustion may be defined as the process of the 
chemical union, of a fuel with oxygen at a rapid rate, whereby 
light is evolved and an appreciable quantity of heat energy 
is liberated. In ordinary parlance, combustion is burning. 
By “liberated” is here meant the transformation of the- inter- 
nal chenoical energy (Sec. 28) of the fuel and of the oxygen 
into heat energy. In Sec. 157 it is explained how heat is 
usually liberated when a chemical process occurs. The fuels 
which are ordinarily used for combustion and their constitutent 
elements are described in Div. 13. Combustion is what occurs 
when a fuel is burnt in a power-plant boiler furnace (Sec. 497). 
Much of the preventable loss in steam power plants occurs in 
connection with the boiler and furnace (Sec. 499). A knowl- 
edge of combustion will enable one to minimize this loss. 
Hence, an understanding of combustion is essential to the 
successful operation of steam power plants. 

462. Before Combustion Can Occur, The Temperature 
Of The Fuel Must Be Raised To The “Ignition,” or “Elin- 
dling,” Temperature. — The ignition temperature is that tem- 
perature at which the heat which is liberated by the union 
of the fuel with oxygen is evolved faster than it is conducted 
away. Then the fuel becomes hotter, the urdon proceeds 
more rapidly and this in turn heats the fuel and the immediate 
surroundings faster, until incandescence (flames) occurs. 
Oxidation — the slow union of the oxygen with a substance — 
may occur at any temperature. But combustion — the rapid 
union of oxygen with a substance — cannot occur below the 
ignition temperature. After the ignition temperature has 
once been attained (the fire “kindled” or “started”) by a 
small portion of the fuel, the combustion will then proceed 
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aui<>ruali<‘ally. ht'ut hy i\w ml motion of one 

snuti! |)<>rt'K)a of tlHmsuhstariro will lioat olhar portions and so 

OH until flit^ tnitin* nuiss is loiruiii.u’. 

XOTK.-- ThW HSNITION- TFOtrHUA'ITHH l-U Ht A iUVKN- SUBSTANCE IS ^OT 

A FixKi) 'rFAU'HHATOKH IhU drpt’Htis <»n a nuiiiPta* of tartars such as* (I) 
77a‘ .^Nf'/ace cxpoatui hy the <voBsv/aa'f/ safhsfdNrr. s2( 'The presmm of iU 
yti.s or vapor. (.3) 7Va' prvsvjtvr or tihstaifc of adjatuad ^subatances. (4) 
77a* nature of the adjaeent nutfstanevn. iluiua* no ifj;i;iition tern- 

p(‘ratun‘ (‘an 1 h‘ far a suhstani*«‘ unl(‘ss at her factors arc specified 

also. !n:nitian con(Uli<»n.H ar<» dot crmiiuMl hy s«‘V(‘ral variables of which 
th(‘ tainpt'ral ur(‘ is only an<‘. For tha usual comliHoiis in boiler furnaces 
ignition (cniporat urt‘H aro approxima t(‘ly : Bituminous coal, TOO® F., low- 
volatile hiluiuinous coal, H70 ‘ K., anthracit<‘ c(kiI 925 ‘ F. 

463. The principal constitiitents of a fuel which unites with 
oxygen to produce combustion (S<‘c. 437) {inn* (I) Carbon. (2) 
fl tp(ro(jen. (3) Sdlphur. \VlH‘n a. sulrstanet* is hunuKl — ^when 
(‘ornhustion (X'curs its luiion with (>xyg<‘H forms a third sub- 
vstan(‘e which is etilhal t h(‘ prod ltd of noubitdioii. The weight 
of this product of comhustioii is (‘Ka<4ly tapud to tlu‘ sum of the 
wcdglits of th(‘ sul)sianc(‘s which united to form it. Further- 
iHorth wh(*u two givtai suhstam-t's coinhimc to form a given 
product of combustion, lluyv always <‘cmil)in(‘ iu definite 
])ro|)ortions by wc^ight , and ti d<4init(‘ aniount of luait onergyis 
liberated by (*ond)ust ion. dlu* ainouid of heat energy 
wlu(4v is tihus Iib(H*tit(‘d by thc^ combustion of the two given 
substances dt^ptmds upon th(‘ \v<4ght. of the two substances 
which have (*,oinbin<‘d. TJiv heat of rooibadion or ealorific value 
of a fuel, as tlu^ bnans a.rc‘ uscul in AuKaicatn boiha* practice, is 
thei heat, cxpresstnl in British tlnuanal units, I i lx ‘rated by the 
complete combustion or oxidadiou of 1 lb. of tlie fuel in 
question. 

Noth.— pkxn'oxpap substancfs wiririr ahb containkb in coal 
(Sec. 453) arc carbon, bydrogtm, oxygtm, nitrogen, milphur, moisture 
or water, aixl asii. Howewer, ns still <‘d iihoAx*, practically the only 
constituents of coal which will unih^ wit h oxygen during tlie process of 
combustion are carbon, bydrogtm, and Hulphur. 4410 tixygen, nitrogen, 
moisture, and ash will not combiiu^ with oxygen during the combustion. 
Furthermore, the carbon, hydrogen, and Hiilphur usually taiat in the coal 
in such a condition that not all of them will combine wit-h oxygen during 
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combustion. However, the quantities of these substances which will 
not combine are so small that they may, in practice, be neglected without 
any appreciable error. 

464. The Oxygen Necessary For Combustion Is Usually 
Obtained From The Air. — Thus, in a coal-burning furnace the 
oxygen for combustion is supplied by the air which is forced 
through the furnace by the draft. Atmospheric air is a 
mechanical mixture of oxygen, nitrogen, and other gases. 
Since the nitrogen and other gases are incombustible they will 
hereinafter be considered as jointly being one gas and will be 
referred to as nitrogen.^’ 

Note. — By Weight, Air Contaiists 23 Per Cent. Of Oxygen And 
77 Per Cent. Of Nitrogen. Hence, 100 lb. of air would contain 23 lb. 
of oxygen and 77 lb. of nitrogen. Thus, if 23 lb. of oxygen is required 
for the combustion of a certain amount of coal, 100 lb. of air must be 
supplied to the furnace. Or, if 1 lb. of oxygen is required, 100 -i- 23 = 
4.35 lb. of air will be necessary to supply it. By volume, air contains 
approximately 21 per cent, of oxygen and 79 per cent, of nitrogen. 

Note. — Complete combustion is a combustion in which the com- 
bustible elements and compounds have united with all of the oxygen 
with which they are capable of entering into combination. 

465. The complete combustion or burning of carbon results 
in a product of combustion called carbon dioxide and the 
liberation of heat; see Sec. 157. That is, in the complete 
combustion of carbon in oxygen, the carbon (C) and the oxygen 
(O 2 ) unite and form carbon dioxide (CO 2 ). The chemical 
formula which expresses this reaction is: 

(320) C + O 2 = CO 2 

(321) 12 -b 32 = 44 

Beneath the chemical symbols in the above formula are written 
the combining weights of the substances. That is, in the com- 
plete combustion of carbon, 12 lb. of carbon combines, with 
32 lb. of oxygen and forms 44 lb. of carbon dioxide. Or, by 
simple proportion, it is evident that 1 lb. of carbon combines 
with 2.67 lb. of oxygen and forms 3.67 lb. of carbon dioxide. 
If measured at the same temperature and pressure, the volume 
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of the carbon dioxide (CM)-) which is forriKHl is exactly equal 
to the volume of t he oxyg(Mi ((>•..) from wlii(‘h it was formed. 
That is, if 100 cii. ft. of air was uscal to obtain tlm necessary 
amount of oxyft-tm for tht^ c(>iupl(4(‘ (‘oiubuslion of a certain 
amount of carbon, Uu^ prodn<*t.s of <*ombu.sbon would be nitro- 
gen and c,arbon dioxide^ (<'<^ 2 ). If nuuisunal at the same 
temperature and pnsssurc^ as tlu^ 100 (ut. ft . of air, there would 
be 21 cu. ft. of carbon dioxid(‘ (21 pen* c(ait.) and 79 cn. ft. of 
nitrogen (79 per (‘(uit.). (donipan* tlu^sc* values with that of 
.air (Sec. 464). TIu^ tiua-ntity of iasat <‘n<‘rgy which is produced 
in tlie comphvte combustion of I lb. of carbon is al)()ut 14,150 
B.t.u., or the (hcrmoch<unical (spiation for this reaction 
(Sj2C. 158) is: 

(322) 1 IK C + 2.67 l(>, (>, - 3.67 lb. Ci ), + 14,150 B.tu. 

If the oxygen for (‘omhustion is ohtaiiHsl from the air (Sec. 
464), the weight of air whi(*h will Ix^ rc(|uircd for tlu^ complete 
burning of 1 lb. of carl)on ((') to carl>on dioxide (CO 2 ) is 
4.35 2.67 = 11.61 11), 

Note. — The BauNiNti oc any ooMm'sTnu.n obt'vs Uu* sanu^ general 
laws as does (‘.arboa. ir(>\v(‘V(‘r, th(‘ prodiuU of foini)us( ioa, the weight 
which will coaibiru' with a gjhaai woigjht of oxy^ai* the vohuae of the 
product of coinbustioa, a, ad th«‘ laxal (*a<*rgy lib(*rat*M{ {h‘p<‘ad upon the 
combustiblo and upon t lu‘ product of c<)ailais( ioa. 'rh(‘sc various prop- 
erties for the principal con)LbuK(.ibIc.s which ociuir in (’oal a,rc tabulated 
in Table 467. 

466. Incomplete combustion of the carbon in the coal results 
in a waste of heat (nnu'gy. Assunn^ tliat I lb. of {‘arl)on under- 
goes incomplete (‘-ombustion. d'hal. is, inst(‘ad of its being 
burned to carbon dioxides ((h)^) it, is only burned to carbon 
monoxide CO. From Tabh^ 467, it, is s<‘cn that tin* burning 
of 1 lb. of carbon to (uirbon monoxide* ndcuist^s 3,960 B.t.u. 
whereas if it had l)ecn btinnal to carbon <lioxidc 14,150 B.iu. 
would have betm liberai.(‘d. ''rims, for c*vcry pound of carbon 
which undergoes incomphde* combustion (14,150 — 3,960) or 
10,190 B.t.u. are wasted. Th(Tc*for«% tin* pn*Mcm(‘e of carbon 
monoxide in the flue gases (Bee. 483) indic*atf*H a loss of avail- 
able heat energy in the flue gasc^s. 



467. Table Showing Properties Of Combustible Substances. (The values shown in the table are based 
. the combustion of 1 lb. of the substance.) 
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468. If carbon dioxide (COO is nn^^^rf 

carbon »». ! r Passed over 



2 ?.?* 


'ilOWi 


i'or.uula,: 

,, , , 

(324) < f-tO., 2('<) 

■ 12-144 ^-,(i 

* 'X' munlxs-K in K(ir (■•!->4 i „ i,: i 

< H>. of carlx)!} (||(>vi<L. ({'(\ i In ' ^ 



'^^^4 pressui-g^ 



NO. (’..rnhuoi.M, 


reaction -1' ” <’arhon ,iioxi<l,. (('()„). j „ . ‘Nvffl be 

miotgy *• 

■.‘”S r^"" "■’"■'lu' i.'.; ‘.'i„ «< ■.« 

( 325 ) 0.273 a. C,+ 1 », C(>, _ j ^ ,,,, _ 
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dioxide gas passes through the upper layer of incandesceat coal (which 
is constituted largely pf carbon, Div. 13) where the air (oxygen) supply 
is restricted, it is reduced to carbon monoxide as explained above (For. 
325). This process absorbs heat. The carbon monoxide thus formed 
continues to rise through the glowing coal to the top of the fuel bed. 
Then, if a sufficient quantity of air is admitted above the grate the carbon 
monoxide will be burned to carbon dioxide (Table 467). This process 
releases heat energy. If by the above described process, 1 lb. of carbon 
is burned to carbon dioxide, the total heat energy liberated, the total 
weight of air used, and the weight of the carbon dioxide which is formed 
will be the same as though the 1 lb. of carbon had been directly burned 
to carbon dioxide (Sec. 465). 

469. The heating value of a coal may be computed from the 
ultimate analysis by Dulong’s formula: 

(326) H = 14,5000 + 62,OOo(^i? ~ 

(B.t.u. per lb.) 

Wherein: H = heating value of the coal, in British thermal 
units per pound. C, iJ, O, and S — respectively, the weights 
in pounds, of the carbon, hydrogen, oxygen, and sulphur, which 
as shown by the ultimate analysis (Sec. 455), are contained 
in 1 lb. of the coal. See the note and the example below. 
The above values of 14,500 B.t.u. per pound of carbon, 62,000 
B.t.u. per pound of hydrogen, do not quite agree with the 
corresponding values given in Table 467. The reason for this 
is, doubtless, that the values in For. (326) are those which have 
been found by experiment to give the most nearly correct 
heating values for the most of the more common coals, whereas 
those in Table 467 are the values which have been determined 
by experiment for the pure elements. Also it is a fact that the 
quantity of heat which is liberated by the combustion of a 
compound may be more or less than the heat which would be 
liberated by the combustion of the elements which form the 
compound. And furthermore, for the same reactions, the 
values which have been obtained by different authorities vary 
from one another. 

Note. — The weights, nsr pounds, of the various constituents 
OF A FUEL WHICH ARE CONTAINED IN 1 LB. OP THE FUEL may be obtained 
by dividing the percentage values of the ultimate analysis (Sec. 455) 
by 100. Thus, if the ultimate analysis shows that a certain fuel contains 
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88.68 per cent, of ciirh<»u, c-iich luniiul of the fnt-l contains: 88.68 “■ ion 
0.8868 Ih. of carbon. 

Example. — Tiio nltitna1<‘ analysis of antJiracitt^ (‘oal (Wilkesbarre 
Pa.) from Ta,hU^ *151 shows tin* followinjr p<‘rccnl {tarboii, 88 86’ 
hydrogen, 2.04; oxygtm, I. Do; and sulphiir, 0.86. Whal, is the lieating 
value of tliis eoal, in British Mnnaual units jx'r pound, Jiastal on the results 
of the ultimate analysis? 

Solution. — By For. (:i2<>): the hnitiufj H ^ + 62 000 

(ff -0/8) + 4,000*8 - {.14,600 X O.SSSei) 1 <hh{)nn}{).nL>() i _ ( 00195 .^ 
8)1 + (4,000 X 0.0035) 12,884 1 1,116 (11 i+opi B^Ui.'per Ih. 

Note that this value is (14,014 ■ 13,060) 6 1 per ^6. greater 

than that given in d'ahh^ 461. 44ius, if llu' caloi'inud ritt valuc^ as given 
in Table 451, is taken as eorrect, the ctauptilt-d value is in error by about 
.5 per cent. 

470. The weight of oxygen theoretically required for the 
complete combustion of a fuel may 1)(‘ computtai By the follow- 
ing formula: 

(327) W„ = 2.()7f:.’ - I- .s( // -f H (lb,) 

Wherein: Wo = \V(‘ight, in pounds, of oxygaui whicdi is theoret- 
ically required for the eomphdf* (‘onihuslion of I Ih, of fuel. 
C, H, O, and B — rt'spoelividy, the \vi‘ig!its, in pounds, of the 
carbon, hydrogen, oxygrap aanl sulphur whieh a.re coutained 
in 1 lb. of the fuel, as shown b^y I In* uB iniafe analysis (S(‘c. 455). 

DEiaVATiON'.-'- TI h^ (a)midel(‘ enmbustinn of 1 lb. of carbon (See. 465) 
requires 2.67 lb. of oxygem. Theroforo, if 1 lb. of a. t’ortain coal contains 
C lb. (lOOC per <umt.) of <‘a,rbon, then the wcagbt, in pounds, of oxygen 
required to burn the (uirbem in I lb. of the eoa4 is 2.67 X By a similar 
lino of reasoning B lb. of oxyg(‘n will lx* nniuired to burn t he sulphur in 
lib. of tlie coal. It is n,HHuine<l that all of the oxygen winch the; ultimate 
analysis shows the ctoal to cont ain is alnxady cumbimMl with a part of the 
hydrogen an<l (uxists in (b<‘ form of water of crystallization (IhO). 
T?herefore, this pa.rt of th<^ hydrogiui whicdi has alr«‘ndv t'omhined with 
cainnot comhim^ witJi any unore <^xygen, and, henct*, it is in(‘onibiis- 
tiblc. Since hydrog(‘n and <>.\yg<‘n coinbim* ('Table 467) in the ratio of 
1 part hydrogen to 8 parts oxyg<‘n, tin* weight of tin* frtM‘ Iiydrogcn in 1 
lb. of coal whiclii is avaJlahh^ for combining with the suppliial oxygen 
is (H — 0/8). Oonsecpuurdy ('’Tabh* 467) the inunlaT c»f pounds of oxy- 
gen which is required (,o comhinci wdth (// * O ’8 ) pounds c»f hydrogen is 

8(11 ■— 0/8) pounds. Idum CPkr nambrr of poamlH a/ oxygen re4umi 
to burn the carbon in I lb. of a furl) p (77nr number 0/ prut min of oxygm 
required to hum the free hydrogen in 1 lb. of the fuel) f {The number of 
pounds of oxygen required to burn ike sulphur in I lb. of the fuel) - The Mai 
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weight of oxygen which is theoretically required to turn 1 Ih. of the fuel. 
Or, expressing this symbolically, For. (327) results. 

Example. — What is the weight of oxygen which is theoretically 
required to burn 20 lb. of anthracite coal (Wilkes-Barre, Pa., Table 451)? 
Solution. — From Table 451, anthracite coal (Wilkes-Barre, Pa.) contains, 
88.86 per cent, of carbon, 2.04 per cent, hydrogen, 1.95 per cent, oxygen 
and 0.35 per cent, sulphur. That is 1 lb. of this coal contains the follow- 
ing weights of the various substances: carbon, 0.888,6 lb.; hydrogen, 
0.020,4 lb.; oxygen, 0.019.5 lb.; sulphur, 0.003,5 lb. By For. (327): 
The weight of the oxygen which is theoretically required to hum 1 Ih. of the 
fuel, Wo = 2.67C -f 8(if - 0/8) + S ^ 2.67 X 0.888,6 -f 8(.020,4 - 
0.019,5 ^ 8) -h 0.003,5 = 2.372,5 + 0.144,0 -f 0.003,5 = 2.52 Ih. 
Therefore, the weight of oxygen which is required to hum 20 lb. of the fuel 

20 X 2.52 = 50.4 lb. 

471. Weight of dry air theoretically required for complete 
combustion of a coal may be computed by the following 
formula. This formula follows from For. (327) by multiplying 
it by the value ^'4.35,^^ the ratio of air weight to oxygen weight 
as explained in Sec. 464; that is, 4.35 lb. of air must be used for 
each 1 lb. of oxygen which is required. 

(328) = 11.610 + 34.80( - ^ ) + 4.35S (lb.) 

Wherein: W^ = the weight, in pounds, of air which is theoreti- 
cally required to burn 1 lb. of the coal. C, H, O, and S = 
respectively, weights in pounds of the carbon, hydrogen, 
oxygen, and sulphur, which, as determined from the ultimate 
analysis, are contained in 1 lb. of the fuel. 

Example. — What weight of air would be theoretically required for the 
complete combustion of 1 ton (2,0001b.) of the Wilkes-Barre, Pa. anthra- 
cite coal (Table 451)? Solution. — By Table 451: C = 0.886,5, H = 
0.020,4, O = 0.019,5, and S = 0.003,5. By For. (328): The' weight of 
air which is theoretically required for the complete combustion of 1 lb. of 
the coal, Wa = 11.61C H- 34.80 {H - 0/8) •+■ 4.35/8 = (11.61 X 0.886,5) 
+ 34.80 [0.020,4 - (0.019,5 -J- 8)] + (4.35 X 0.003,5) = 10.292,3 + 
0.626,4 -h 0.015,2 = 10.934,0 lb. Therefore, the weight of air which is 
theoretically required for the complete combustion of 1 ton of this coal = 
2,000 X 10.934,0 = 21,868 lb. 

472. The Amount Of Air Actually Required For Approxi- 
mately Complete Combustion Is Considerably Greater Than 
That Which Is TheoreticaUy Necessary (Sec. 471).— For 
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oxygen to unites with earhoin th<^ oxygon niohnniles must come 
in intiinato eontnot witli tin* oarixni for an appre- 

eialilo period of tiisna 'To gH*t an oxygon oiokaailo to comein 
intinnito contacd willi <‘aoii of tin* (*ariion niolotniios, a much 
gnaitnr ninnlHW of oxyg<‘n niohanilos* must In* stipplied than are 
tlu'ortdioally n<aa‘ssa,ry. When tlu‘ oxygem for (‘oinhustioii 
is obtaiiuHl from th<‘ air, pr<*s(‘nc(* of tho nitrogon molecules 
tondvs to pn^vtmt. ih(‘ oxyg<‘n mohamlos from eont acting ^^ith 
tlio carl)on. Also tliis intimatt^ <‘ontact is furtlnu* retarded 
by the irn^gulnrity in t ln^ passage of air through tlu' fuel bed, 
due to luuwnm ihi<*kn<‘ss of tin* tire, variation in the size 
of the elinkors, ashes, and tin* like. 

Noth.- Most IOfiooiknt (’omioistion Oe ( N>al Is Obtained When 
The Air SiTPPLtKi) Is KitoM AiKarrno'ro 50 Peu ('ext, ( }ek.atbe Than 
That Wnnar Is TnEoitETioAiaw UEuentKn. Tho amount of excess air 
which should h(^ supphu'h will vary ov<‘r wi<i<* limits, dt‘})t'iuling upon the 
design of the furnace, tlu‘, kind of coal \vhi<‘h is heitig ImriUHl, and the 
manner of firing tlu'. coal. As will Ik* shown luTcinafttu', too nmehairor 
too little alrwill n*sult in a. wasfi* of heat tmergy whi<‘h can ordinarily be 
prevented by cand’ul and intenig<*nt firing, 'ria* aimumt- of excess air 
for the most eianiomical comlmslion must lx* dctciTnin<‘d hy trial for each 
individual case. 

473. The flue gas, or the products of combustion of coal 
whom, completely burntai in oxyg<‘n will eonsist of: (1) carhn 
dioxide, (2) ivaUi' v<ipi»\ and (3) a I it He i<idph({r dioxide os 
sulphur trioxidc. If a pa,rt. of the carbon is incompletely 
burned, tho flue gas(\s, in addition to tlu^ abov(y will contain 
some carbon ^rionoxidc. In t.h<^ ordinary (*oaj-burniug furnace 
where the oxygetn for e.ombustion dthl) is obtained 

from the air, the flue gast's will (‘ousist- {jriiudpaily of carbon 
dioxide, carbon 7mynoxidc, water vapitr, riilrogen, and oxygen. 
Nitrogen is present in th(‘ tluc^ gas InMnuisi^ tlu‘ nitrogen of 
the air is incKmibusiible (Beux 463) and Is not- cdiangcal in passing 
through the furna<ax Oxygtm is pr<‘stmt. l)C‘<‘ause, duo to the 
exemss of air (Sec. 472), all of tlu^ oxygon (uumot (‘onibine with 
the combustibles of th(^ (u,)aL Hentn^, sonu^ of t.he oxygen 
passes unchanged througli the find bcnl and ini.o the flue gas. 
The sulphur dioxide or sulphux* trioxidc' (*onipos(*s such a small 
percentage of the flue gases that it is uaually disregarded. , 
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474. Flue-gas analysis consists in determining the percent- 
age by volume of the carbon dioxide, carbon monoxide, oxygen, 
and mtrogen. There are various methods of TnaVin n- this 
determination. One method is briefly described in the follow- 
ing section. As shown hereinafter in this division, the results 
of a fluegas analysis may he used to determine whether or not 
the fuel is being economically burned. 



In this apparatus, as is explained below, a known volume of 
the flue gas to be tested is forced successively into the glass 
pipettes C, Z), and E, Each of these pipettes contains a chem- 
ical which will absorb certain of the gas constituents of the flue 
gas. Thereby the percentage by volume of each of the 
constituents can be measured. 

476. The Most Common Method Of Analyzings Flue Gas 
Is With An Orsat Apparatus (Fig. 411). 
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Explanation. By iii.Tnipuhil uik tlio w.mBt hofilo, B (Fi 

(‘xactly 300 e.p. ((*uhi<* iiiH-O'ns) <>f tho fiu(‘ gn.s \vhi(‘h L t 

is (lra,wn into ilu^ ^vndiuiUHl Uundtv, A. By aKniin in’anif)ui.S^!J‘^ 
wate- hot tic, tliis lOO-c.c. jrassampU' is passed into and cutof thetr ^r 
pipette, (7, several times. ,Pip<dte r <‘ontains a, solution of 
hydroxide which ahsorhs th(‘ <‘arhon tlioxi<l(‘ tfiat is in the flue p-as 
all of the earhon dioxid<‘ Inns thus lunm nnnoved fruin ilu' Ihn' aarsa 1 
the remainder of the sa.mple is passe<i hack info A ami nn'asimVl ' T 
the carbon (lioxi(h‘ has h<‘en ivmovcd, tlm p;as whirh sf ill remains w 41 
have a volunu^ whi<‘h is sonnavhat h‘ss than 100 <* <• Tin* (hv. 
volume in.lieules the p. I,v vohuue, ..I' t iutearhon Xxide 
(CJOi!) in tlui fhu‘ pns. ^ 

In like manuer the remuiiidei- of (he kus is ini ro, lured into pipette n 
which coiitiuiis a soluthm of potassium pyrof{alla(i'. 'I'lu' potassiua 
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Fig. 412.-~~-Showiiu!; ctnui^oH in thv conpM.Nii ion of tUO rn. ft. air which arc drawn intoa 
l>oih*r furnuci' un<l n.-icd tn fiiiin t}»f fuel. 


pyrogadade alisorhs th<‘ oxygtm from th<‘ hue gas sample. After the 
oxygen has beeii removed, tin* remaitnhn- oftln^ gas is ikisschI into pipette 
h which (‘.out, tuns tin a<n’<lula.(<‘d sohition of cuprous ciiloride. This 
absorbs the carbon tuonoxitlm d'ht* shrinkag<‘ in volunu', in each case 
indicates, respectively, tln‘ ptn-emd ag<‘, by volmnc, <»f oxygtm and carbon 
monoxide. After th(‘ <‘a.rbon dioxide, oxygtm, and carbon monoxide 
have been rcnuived from tln^ flm^ gas samplt*, th<‘ ivmainder consists 
principally of nitrogem. AlBiough this rmnainder consists of nitrogen 
and a small qviantdy ol othe-r gas<‘s, it is, in (In* flin^ gas analysis, called 
nitrogen. 

Examplk.— A ssunn^ that. 100 e.c. of tin* fhn*«gas samiih' is originally 
drawn into burette A of Idg. dll. Aftt‘r (In* sample has been passed 
through pipette C a number of tim(*s and tin*!! men.snred, it. is foundthat 
the volume is now 88 e.c. Thus, t.h<*Hamph‘ eontnins: 100 ~ 88 - 12c.c, 
of carbon dioxide, or the* proportion by volume of t he <‘nrhon dioxide is 
Aiooj or 12 per cent. After tin*, oxygen has h<H*n r<‘moved liy passing 
t le remainder of tlu^ samph*. through pip(*tte />, (he volnmt! as measured 
m A IS 82 c.c. That is, theri! wcire: 88 - 82 0 e.c. e/ aa:|/f/c« in the 

100 e.c. of the gas, or tlm proportion, by volume, of tlie oxygen is 
per cent. Aeftor the remainder of t In* sa mph* has hail the carbon inonox- 
1 e removed by passing it into piptdd.e E\ the volume is found to be 
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81.4 c.c. Xhus, the proportion, by volume, of the carbon monoxide is: 
82 - 81.4, or 0.6 per cent. Since, there are 81.4 c.c. yet remaining, the 
percentage, by volume, of nitrogen is 81.4 per cent. 

Note. — The flue-gas analysis does not eeveal all of the phod- 
UCTS OF combustion (Fig. 413) — ^the water vapor (HgO) is condensed 
and therefore is not measured. The flue-gas apparatus therefore analyzes 
only the drij 'part of the flue gases. For this reason the percentage, by 
volume, of the nitrogen as determined by the flue-gas analysis will always 
be greater than 79 which is (Sec. 464) the percentage, by volume, of 
nitrogen in the air. The nitrogen must necessarily constitute a larger 
portion of the dry gases than of the total. Stated in another form: 
The sum of. (the percentage, by volume, of the carbon dioxide) 4- (That of the 
oxygen) + (K ihat of the carbon monoxide) will always be less than 21. 
From the preceding it is obvious that^^ with a fuel containing hydrogen, 
it is impossible to get the full 21 per cent, of CO 2 in the flue gases, even 
with perfect combustion and no excess air. Some engineers erroneously 
believe that 21 per cent, is the ideal. 

476. The weight of air supplied to burn each pound of fuel 
may be computed with commercial accuracy (see note below) 
by the following formula: 

(329) = 3.036(7^^-^-^ (pounds) 

Wherein: W^l = weight of air, in pounds, which is being 
supplied to the furnace for each pound of coal which is being 
burned at the time the flue-gas sample was taken. C == num- 
ber of pounds of carbon contained in 1 lb. of coal as determined 
from the ultimate analysis. N, CO 2 , and CO = the respective 
percentages, by volume, of the nitrogen, carbon dioxide, and 
carbon monoxide as obtained by the flue-gas analysis (Sec. 
475). If any of the carbon, which is in the coal is unburned 
and is removed from the grate in the ashes, then C should be 
taken as the weight of carbon actually burned per pound of 
fuel consumed. 

Note. — The only method whereby the amount of combustible 

WHICH IS contained IN THE ASHES MAY BE EXACTLY DETERMINED IS BY 
AN ANALYSIS OF A SAMPLE of the refusc from the furnace. The above 
formula will result in only approximate values, since, in its derivation, the 
air which enters the furnace is assumed to be dry and the only combus- 
tible which is considered to be in the fuel is carbon. Thus the hydrogen 
and the sulphur content of the coal is neglected. However, for most 
coals, the application of For. (329) will result in a value which is suffi- 
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(‘ieiitly acriiniti^ for nil {jnu'tiful purp<>.s<*.s; t!i«‘ error liuising it does 

ordinarily exeiHHl 0.2 p(*r rent. 

477. The percentage excess of the air supplied above that 
which is theoretically required may iitdormined by the 
following formula.: 


(330) .X — _ 3.782(0 i«>rO) V ^ (percent.) 


Wherein: X — })(a*r<*nl am* of (^xeess air ahov(‘ that which is 
theoretically r<Hiuirc<l. Ah (>. ami fY> - : n'spcavtively, the 
percentage's, by volume, of tiH‘ nitrogen, oxygem, and carbon 
monoxides a,s obtaimsl by tlu‘ flue-gas analysis. 

478. Weight of the dry flue gases per pound of coal burned 
may be compnted by th{‘ following formula,: 


(331) 


Wp = 


IICY)^ + Sf) d" 7((Y; + X) 
3(fY>. -b (P)) ' 


(lb.) 


Wliercin: Wi> = weight, in pounds, of tlu* dry flue gases per 
pound of coal bunuai. CO^y <K fY>, and N = rt'spectively, 
th(^ percentages by voluim^ of ear{>on dioxid(% oxygen, carbon 
monoxide, and nitrogtm from th<‘ flm^-gas analysis. C = 
weight, in pounds, of carbon which is burmnl ])cr pound of 
fiicL If there is no loss of <*arl)on to the* a.sh{\s (Sec. 482), 
the weight of gas, W/*, <l<*t<‘rmin(‘<l by llu‘ above formula is 
per pound of dry or moist, find, (Irpcaiding on whether the 
percentage of carbon from whiidi is det(*rmincd Is referred 
to a dry or moist basis. 

479. The theoretical temperature produced by combustion 
of dry coal containing no hydrogtm with dry air may be 
computed by the following formula : 

(332) ~T. (de8,r,) 

Wherein: T = the temtKwtitun^ in <li*gr(H\s lodircoihoit, which 
is produced by combustion of thi^ futd. Tji — bmqx'rature, in 
degrees Falirenhidt,, of the air (mt.<*ring the furnace. H == 
heating value, in British thiumial uniis per pound, of the coal 
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as determined by For. (326). Wp = the weight, in pounds, 
of the products of combustion per pound of fuel burned as 
determined by For. (331). The value of 0.24 is taken as the 
mean specific heat of the products of combustion over the 
temperature range from Ta to T. However, owing to radia- 
tion to the boiler tubes and furnace walls, to the fact that all 
coals contain moisture and hydrogen, and that the air alw-ays 
contains some moisture, and to other losses, this theoretical 
temperature is never attained in practice. The tempera- 
tures actually attained in a boiler furnace, under normal 
conditions, are likely to be in the neighborhood of those 
suggested in Fig. 64. 

480. The Chemical Energy Of A Fuel Is Not All Utilized In 
A Boiler. — Only a portion of the fueFs chemical energy is 
actually liberated and transferred to the water and steam in 
the boiler. The balance of the chemical energy is wasted, 
partly as chemical energy and partly as heat energy. Hence 
the energy of the fuel is divided into two parts: (1) Heat 
utilized. (2) Energy wasted. The wasted energy is often 
called the heat loss. The different ways in which energy is 
wasted are described in Sec. 481. Kheat balance (Sec. 489) is a 
tabulation which shows how the chemical energy of the fuel is 
divided into utilized heat and various losses. 

481. Heat losses in a steam-boiler furnace occur through 

the following channels: (1) Unhurned fuel in the ash. (2) 
Combustible in the flue gas, usually in the form of carbon 
monoxide. Sec. 466. (3) Heat carried away in the dry flue 

gas. (4) Heat carried away by moisture in the flue gas. This 
moisture comes from free moisture in the coal, moisture formed 
by burning the free hydrogen in the coal to water vapor, and 
moisture in the air supplied to the furnace. (5) Radiation and 
unaccounted losses. Each of these losses is discussed in 
following sections. 

482. Heat loss due to the unburned fuel in the ash may be 
computed by the following formula, which is based on the 
assumption that all of the unburned combustible which drops 
from the grate to the ash pit is carbon: 


(333) 


Ha = 14, 150 AC 


(B.t.u. per lb.) 



454 


UK AT 


[Div. u 

Whrn4n: H,i tht‘ !H‘nt, in l^ntish thrnual unite, which' 
lost for (ai<*h pound of non! imruu<i hfuauso of u ill mriied carbon 
rejcadaal in du^ ashos. A wniiL^hl, in pounds, of ash J 
l>ouiid of (‘oaU doPuauiiuai hy tlio ultiinatt^ of the 

(Hml. C — \v(‘igid, in p<uinds <if laarhon pin* pound of ash as 

dotonuiuod by analysis of tho aslu's u hiidi I'ojotited from 
tlio furiunaa Wdioliior or not this loss is larj[^<‘ or small will 
(k‘p<aid upon th(‘ R’rato or stokor, (ho kind and siz.o of coal being 
firinl, tho rati‘ of lamihust ion, and upon tho (‘are which is 
c^xoroiscai tho liromain In praotitaa this loss varies from 
practiiadiy rau’o to 15 or 20 porc-ont. of tho laaiting value of the 
oojiL If n'vHiduss thoso niaxinium \'alu(\s only wlu^u therateof 
oouibusfion is oxot^ssivo, <iin* to Iari»;o iocrloads. or when the 
firoiuan ^rows <‘ar<‘Ioss. An avoraRo vahn* for good practice 
would {irobably bi‘ 2.5 to 5 ptu' o«‘Ut, 

483. Heat loss occasioned by carbon monoxide escaping 
in the fine gas (Ht‘os. ddO and 40S| may bo nani from Fig. 413 
or it may (‘omputml l>y (ho following fornnila.: 

(334) H,,.„ - 10,220 X (B.tai. perft.) 


Whonan : H<.v) th{‘ IkuiI, 
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Fki. 4110"— Oral )hM f»>r fuitiini)!; lu'uf 
loKH <lu« to no in ihn thu* 

(H. O’NffliLL in Power), 


III Ih*itish thorinal unite, which is 
lost from ('aoh pound of 
burinai duo to carbon monoxide 
wliioh <*soap(‘s wit h 1 1 h‘ flue gases. 

an<l ( '() - rospoctively, the 
p(‘roontag<*s by volume of the 
<*arbon tlioxidi^ and the carbon 
numoxidt* as obtaiiuKl by the 
flu<‘~gas a. u a 1 y sis (S e c. 475). 

wiugid, in pounds, of carbon 
a.cdunlly burned ptor pound of fuel 
(‘onsuuHxi. If t lu^ amount of car- 


bon which leaks into t h(‘ ash ]>it (StMu 482) is small, C maybe 
taken from the idtumatc' analysis values without causing any 
appreciable error. In gem'ral, tlu^ loss dut^ to (‘arbon mon- 
oxide is negligible (see also Htaa 4<34). 

484. A Considerable Quantity Of Heat Is Carried Out Of 
The Furnace By The Flue Gas.— Tlui air and fuel are admitted 
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to the furnace at a temperature somewhere near that of the 
boiler room. They leave the furnace, in the form of products 
of combustion, by way of the stack at a temperature some- 
where around 500° F. The sensible heat which is thus lost 
may be computed by the following formula: 

(335) Hp = 0.24 Wp(T 2 - Ti) (B.t.u. per lb.) 

Wherein: Hp == heat, in British thermal units, which is lost 
in the escaping flue gas for each pound of fuel which is burned. 
Wp == weight, in pounds, of the products of combustion for 
each pound of fuel burned as determined by For. (331), Sec. 
478. T 2 = temperature, in degrees Fahrenheit, of the flue gas 



Fig. 414 . — Showing how losses in dry flue gas vary with percentage of excess air. 
The values shown are not to be taken as representative. The variation is shown about 
as it usually occurs. 


measured at the point where the products of combustion leave 
the boiler. Ti — temperature, in degrees Fahrenheit, of the 
air supplied to the furnace. 0.24 = the mean specific heat at 
constant pressure (approximately) of the flue gas. The loss 
due to this source cannot be eliminated. It can be minimized 
by keeping both Wp and T 2 at the lowest reasonable values. 
Since Wp depends on the percentage of excess air, and since 
without sufficient excess air the other losses become excessive, 
some reasonable value of Wp (somewhat in excess of the 
theoretical) must be tolerated; see Fig. 414. Likewise, since 
the value of T 2 usually determines the draft pressure (Sec. 256) 
here too a compromise must be made. In good practice the 
heat loss due to the heating of the flue gas can be reduced to 
about 15 per cent. 
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FlXUlSil 'I'UK IliiLVr LOSS IX T 
DRY FLUE (JAS 1 h(' us«M»t‘ ihiM'harts of Kj| 4 :s. * 1 15 ^ 1(1410 

•6 and 

ThcreS’“'' 

weight of gas p(‘r potuid of i-omluist ihh‘ wHl he (20 + J.) 

Vtefghf Of v 


...V. .... * 10 )^ 1 ( 1410 . Sunrx 

agivcai fu(4 eeiOains l(i i>«a-eent. of hyOrogtai iH‘r !h. of eombustibl 

hat a. flu<‘-ga.s analysis sliows I 1 per e(‘nt. ( 'O... I'Ihmi, l)y pig 
eonihustion re(}iurt'S 20 Ih. of air per ih. of eoiuhusiihh^. Theref 


if i.h(‘ {.(‘mpca'at un* of tie* Hoe gases 
is 500 *^’ F. and at tnospheri(‘ tempera 
tur(‘, is (K)'"^ F., th<‘n by Fig. 1 Up at tin* 
intersection of (h(‘ 21 lb. and I la* oOO 
F. line's, the hoat /ess 2,000 
|)(‘r pound of combust ibh*. 

485, The heat lost because of 
free moisture in the coal (Fdig. 
417) is occasioiHHl by th<‘ fact, 
that the ttanpea'atun' of th(‘ 


*=300 


' ComhusHbk. 



. f . 

1 (. b 10 

C O2” Per C o n t 

irio. '1 1 r>. “< SraphH showiioj; 
of «‘xconH nil' I'on'OHpoudiiij^ to ditT»'r«*iit. (’<)■! 
porconitne'H for fu«*lM contuiiun« 



L '<’0 400 WO , aoo IQOO 

Tonp. nf Atrrtov Temp, ra*!; 

h'lii. •nti."' (»nu>hH for finding heat 
in «lry Hnn iJja.NOK. (Scic example 
1 text.) 


moisture must bo raistHl from tlKit. of iht' coal whtai Bred to 
about 212® F., eva-poratod, aiul thtai nustai to lh(‘ tfuuperature 
of the (^sc, aping flue gas. Tho. (pianfby <d’ iavd- vvdiich is thus 
lost per pound of find buriUHl may bt^ compidtai by: 

(336) H,u — 714(1,080 + O.dfF/’is (B.t.n. per lb.) 

Wherein: = the heat, in British Ihtaanai units, which is 

lost per pound of fuel bunu^d Ixaniust' of tlu' free moisture 
which is contai.ned ill the <*oah Af weight, in pounds, of the 
moisture in each pound of coal as d(dm*miuc*d by tlie proximate 
analysis of the coal as finnh 7\ ami ^ r(\'. 4 )<‘ctiv(dy, the 
temperature, in degrees Fahnadudt, of the boiler room and of 
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the escaping flue gas (Sec. 672). The loss due to moisture in 
the coal cannot be eliminated. It is minimized when the flue 
gas leaves the boiler at the reasonable minimum temperature 
(Sec. 484). In good practice this loss seldom exceeds 1 to 2 
per cent. 

Derivation of For. (336), At the low vapor pressures at which 
moisture in flue gas exists, and at temperatures between 200 and about 
600“, the heat content per pound of superheated vapor may be found 
accurately from the equation h — 1,057 H- 0.467^2. This is the heat con- 
tent of the moisture as it leaves the boiler with the flue gas. When the 
moisture entered the furnace with the fuel, its heat content (heat of the 
liquid) is found from the equation hi = T\ — 32. The heat added to 



Fig. 417. — Graphs showing loss due Fig. 418. — Graphs showing loss due 

to moisture in coal for a boiler-room to hydrogen in coal. (H- O’Neill in 
temperature of 80® F. (H. O’Neill Power.) 
in Power.) 

the moisture by the fuel, and hence the heat loss to the boiler, ish — h 
Substituting for h and ht their values we have 

Hm = 1,057 + 0.467*2 - (7*1 - 32) 

= 1,089 + 0.467*2 - 7*1 

486. There Is A Real Loss Due To The Water Vapor 
Formed By The Burning Of The Hydrogen In The Coal 

(Table 467 and Fig. 418). — This unpreventable loss results 
from the same reasons as those outlined in Sec. 485 for the free 
moisture contained in the coal. It may be computed by the 
following formula: 

(337) Hh = 9iJ(l,089 + 0.467^2 - Ti) (B.t.u. per lb.) 


Wherein: = heat, in British thermal units, which is lost 

per pound of fuel burned due to the hydrogen content of the 
fuel. H = the weight, in pounds of hydrogen per pound of 
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as <i< 4 ('nntU(Hl by tlu‘ ubimal<‘ analysis (Sec. 455 ) y 
:uul Ti == rcspcM'livcly, (lie tciiiiicr.-it urc, in Fahrenheit' 

of th(^ hnihn* ronin and the temperature of th{» < ‘sc aping 
g:asc\s. Th(‘ less diu* to liydrt>e.<‘n eannot b(' (‘liuiinated It 
(*an b(' ininirniz{‘d by <‘o<»lin,ti; tine *ras, in t ln^ l)oiler to a 
n'asonable minimum valm* (Seen 4S4). In g;ood practice this 
loss runs from praetieally y>vn> for a!dbraei{(> coals to about 
4 p(‘r <*cnil . for (*oaLs hi^h in hydro|i;(*n. 

DinacATio.M. weight of wnler Pinned is slwnys <) (inies thatofthe 

hytlrogen from wliieh it. is fonne<i. 'FIk* dorivslion of (Is* rcnuiinderof 
th(^ e(|mttiion will 1 h‘ obvious from that gi\‘on tiiuhu* IPir. (IVSV)). 

487. There Will Also Be A Heat Loss Occasioned By The 
Moisture Contained In The Air. 'bins moist tirt‘ is already in 
the form of va})or wlum it enters the fnrnae(‘. ( l)ns(‘(iuontlv 
tlie heat of the litpiid (i^ec*. lUVA) ami th(‘ latcmt h(‘al of vaporiza- 
tion 864) do not haA'<* to ht‘ ad<i(‘<{ to this moisture. 

Therefore, tlu^ only lieat wlneh is <‘arrit‘d out of th(' furnace by 
th(^ inoistun' (wabn* vapor) in the air is that wlneh is necessary 
to raise its t^empen-at tir(‘ from flia,t of tlH‘ ingoing air to that 
of the escaping fhu' gas. 'Hus lo.ss may Ih' com])nt.od by the 
following formula.: 

(338) Hr - 0.4r>WrW^(7b 74) (B.bu, per lb.) 

WhenuniHr — tlu^ lunit, in British thermal tinifs, which is lost 
per pound of fu(4 burtu^d, dtu' 1<> th(‘ moist un* in tin* air. Wf 
= weight, in pounds, of m<»istur<‘ p<n‘ pound of air .supplied to 
the furnace. 'This valu<‘ ea.n b<‘ oldaimsl \>y m<‘ans of a wet- 
and-dry-bull) tluvnnoitndtn* ainl )>.- vehnimet rie eluirt (see Div. 
10). = weight of air, in poumis, p(U’ pound of fuel as 

obtained from For. (329), Hen*. 47(1 74 and 7’^ — rf‘sp(K;tively, 

the temp<n’atur(‘s, in <l(‘gr(‘<»s Fahreniadt, of tlie tiir entering 
the ash pit and of th<^ c‘.s(*aping line gas. 0,46 — the mean 
specific heat of steam betweam ih(‘ ttMuperatun^s 74 and fs 
and at atmospherics pressures ''rius loss is <*< >m[)a ra ( i vely small 
and is frequently not computesL It. may be minimised by 
keeping at a reasonable^ niiniinuni (s(^c* Bvc. 484). In good 
practice it seldom exceeds 1 per cent. Wlnm not computed, it 
is included in the unaccountable^ losses (Sec. 488). 
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488. Losses of heat from the furnace due to “radiation and 

unaccounted losses’’ [Hr in For. (339)] are either impossible 
or impracticable to compute. These losses include: (1) 
Radiation loss. This loss will vary with the size of the unit, 
the condition of the setting and the like. It may be decreased 
by jacketing with insulation. (2) Loss due to unhurned volatile 
hydrocarbons (see Sec. 494). (3) Loss due to the hydrogen 

which may be formed by the chemical union of carbon and mois- 
ture (C + H 2 O = CO + H 2 )- (4) Other losses not otherwise 

accounted for as, for example, the errors in observations. These 
‘'radiation and unaccounted losses’’ are computed, in an 
evaporation test, by: 100 — (boiler efficiency + the percent- 
ages of six losses as outlined in Secs. 481 to 487) = percentage 
of radiation and unaccounted 

losses. The magnitude of these VA ‘iZt 

losses varies, in good practice, 

from about 1 to 3 per cent, for 77.6 % 

very large boilers operating at nectt utnizecf m noking steam 

high rates, to 7-8 per cent, for ^ 

® ^ ^ ^.^ALosfJnSfeotmrromHydroofenOfCoef/}-' 

medium sized boilers, and 12-15 com^i^st/A/e fietuse-^—y 

^ 0‘2% Lost In Heaf/ner Morsture Of A/r.‘- 

per cent, for small boilers oper- loo.ov. value of coaj 

ating at low rates Fig. 419. — Ch.art showing heat balance 

yiort iTki- X -u 1 determined by test on a 2400-hp. 

489 . The heat balance” for boiler operating at 137 per cent, of rated 

a boiler furnace is, as was shows very good 

1 • 1 operation. 

suggested m Sec. 480, a tabu- 
lation of the utilized heat and the several losses which occur 
at the boiler. The heat balance may be written as a formula, 
thus: 

(339) H = -f (H^ -h Hco + Hp + +■ H,, + Hy + Hr) 

(B.t.u. per lb.) 

Wherein: H = heating value of the fuel, in British thermal 
units per pound, as determined by analysis or calorimeter test. 
Hu = the heat utilized in evaporating water from each pound 
of fuel, in British thermal units. Hr — the heat lost per pound 
of fuel due to radiation and unaccounted for, in British thermal 
units. The other symbols have the same meanings as in 
Fors. (333) to (338). 
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Example.- -Tho vahie.s <jf ilu^ various losst’s au<i of tlie heat utiliz d 

tliuiug ii typical hoilta* trial arc pictured in Idg. -HO. 

490. The formula for boiler efficiency or, more properly 
“the boiler, funiac'e, edicieney,’' follows directly 

from For. (339). (See also S<‘e. 499 for another equivalent 
method of exiire.ssing 1 his eflieieiiey.) 'riius, since it is always 
true that: /4;//(.c/caf7/ = iOi/fput) U>ipn0< h follows that; 

(340) E= ■” (LoKfifs) Heat, utilized 

^ find Ilr(d. value' 

Now, since <,he portion of For. (33!)) whicli is included in the 

paren, theses r(^pri\s(uUs th<‘ loss(‘s, it follows that: 


(341) 


H - /.ossr.v Hrr 

H H 


(decimal) 


Wherein: E = tlie (dHeitaiey of lh(‘ hoiha*, furnace, and j 
(expressed as a decimal. 'TIk* other s3uul)t)Is have the same 
meanings as in thci pnauMling. 

PlXAMPLK-~lf tlu^ lutaliug vahu' of a coal ia M,000 B.i.u. per lb. and, 
of this, the hea.t u(,iUz(‘<l in a, certain l>oiU‘r in.st alia,! ion in (‘vaporating the 
water is 10,892 iht.u. per Ih,, what is tin* (‘flicioncy of the boiler? SoLU' 
TiON.— '-SuhBtitutc in For. (811): E Hr?, H 10,892 s- 14,000 = 
77.8 per cent. = boiler rjflrieurt/, al.st> Mg. 121). 

491. The rate of combustion of coal is usually coiivsidered 

to bo the number of pounds of c‘oal burntai peu* square foot of 
grate surface per liour. Th(‘ rate" of (‘omlnistinn d expends upon 
tlie draft, the kind of <a>til Ixdng btiriUHl, the design of the 
furnace, and the skill of t-lu^ finmuin. If (lu^ fuel bed is kept 
at the proper thickness (4 to ,14 in., (hqHuuling on the kind of 
coal and coal-burning (upupnumt ) tbe^ rab^ of combustion will 
be increased if the (piatilb.y of air winch flows tlirough the fire 
is increased; the rat/C will bc^ dcu^rc^astxi if tlie air flow is 
decreased. Roughly, the ratesH of (*om bust ion for different 
fuels, in pounds per square foot of grat.e surfat^e per hour, are: 
(1) Anthracite, 15 to 35. (2) Eastern-bituminous, 20 to 75. 

(3) Western-bituminous, 20 to 50. 

492. The efficient or inefficient burning of coal in boiler 
furnaces depends upon whether or not the greatest possible 
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amount of the heat which is releasable by combustion (Sec. 
452) is utilized in evaporating the water in the boiler. Some 
of the chemical energy of the fuel will always be wasted. How- 
evei'j the amount which is wasted is, to a large extent, within 
the control of the fireman. The moisture losses (Secs. 485, 
486 and 487) cannot ordinarily be controlled by the fireman. 
These are sometimes called the unpr event able losses. The 
heat loss which is caused by carbon being rejected in the ashes 
(Sec. 482), that which is caused by being carried out by the flue 
gas (Sec. 484), and that which is caused by carbon monoxide 
escaping in the flue gas (Sec. 483), cannot be entirely elimi- 
nated. But, since they may be minimized by proper firing, 
they are sometimes called the preverUable losses. Thus, 
by exercising proper care in handling the coal and in cleaning 
the fire, the amount of coal (unburned carbon) which is rejected 
in the ashes may be reduced to a minimum. The stack losses 
(Sec. 484) and the unburned combustible in the flue gas (Sec. 
483) are discussed in the following sections. 

493. In General, The Percentage Of Carbon Dioxide (CO 2 ) 
Contained In The Flue Gas Indicates The Amount Of Excess 
Air Being Used (Fig. 415). — ^Assuming that the flue gases 
contain no CO (carbon monoxide) a high percentage of CO 2 
(Sec. 483) indicates a small amount of excess air, and a low 
percentage of CO 2 indicates a large amount of excess air. The 
percentage of O 2 (oxygen. Sec. 475) would be a better indica- 
tion of the quantity of excess air, but it is more difficult to 
determine than is the CO 2 . The greater the value of the excess 
air which flows through the furnace, the greater will be the 
weight of the flue gas per pound of fuel burned, and (Sec. 484) 
the greater will be the quantity of heat which is lost by being 
carried out of the furnace by the flue gas. The general 
procedure to be followed to obtain a high CO 2 value, and 
Consequently a low percentage of excess air, is outlined in the 
note below. 

Note. — The general method for obtaining a high percentage of 
CO 2 — 12 to 15 per cent. — ^is as follows: With a lighted candle (Fig. 420), 
explore the entire outer surface of the boiler setting for leaks. Wherever 
there is a leak in the setting there will be a tendency to draw the candle 
flame into the setting. Test carefully at joints and where pipes and 
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hrecchingrt oato.r. Using a sliarptaHMl \vo«nl(‘n sti<*k as \ \u\ (umlking tool 
caulk all leaks with a l-hin mixture of fir<‘<-lay and cotton waste. Do not 
use lime or cement mortar ht‘ca,us(‘ it will fall out a.ftm' drying. Then, 

ndj\ist (In* lhickn(‘ss of the fire so that, 
tin* highest iH*rc<>ntag(* of OO 2 (usually 

12 to Id per e(‘n(.) is ohtainod with the 
sinnllt'st. draft ov<‘r for under with forced 
draft) tin* fuel bed tliat will carry the 
load. With fonaal draft, the pressure 
ovor th<^ fin* should la* mrarly balanced 
tO.Od to 0.07 ill.) This will have to be 
det<‘rnuu<‘<l hy “eu(. and try” for each 
individual eonditiou. Tlnulraft pressure 
over tin* fu<‘l h<*d is m(*asured with a 
<lraft gage (See. 070). ddie percentage 
of ('()« is olUaiued hy tin* flue-gas ana- 
ly/a‘r tS(*(‘. t7d). Tln^'md bed must he 
ki*pt- clean ;md fret* from holes. If the 
above proe<*dur(* is judiciously followed, 
a high percenta,ge of Ck)*.* caai usually In* ohtaiin*«l with pra<d,ically no CO. 



Pia. 420. — LiKhtcid ciimlln u.seti 
for lociiUiiK uir leak into a Ooilo 
Bettiiij?. The box (wtiieh in <>iH*n 
at both eiuls) in u.s(*(l around tlu* 
candle to protect, it from «!<!<': drafl.n. 


494. If The Flue Gas Contains More Than A Trace Of CO 
(Carbon Monoxide) A Large Amount Of Heat Is Being Wasted 
Which Can Be Prevented. Tin‘ (■, S. f/. oloijiral Eiurveyiomi^ 
that by decreasing t h(‘ ixuanuitagi' of < > from 0.7 per cent, to 

0.3 per cent., tlui (vni(‘i(mcy of eoinhtis! ion was incnuiscd from 
57 to 65 per cent. Tluit is, a, 2 pw (-(‘nt . in<T(*as(‘ in the furnace 
efficiency resulted for ev(‘ry 0.,l ])er e(‘nt. d(‘cn‘as<‘, by volume, 
of the CO in the chinnn^y g«a.s(^s. 'This is about 4 times the 
theoretical amount which would }h‘ oldaiiuHl liy For. (334) 
of Sec. 483. Tlu^ nuison for this (*x<’(‘ss ahovi^ tlu^ theoretical 
loss (Sec. 483) is tluit tht* pr(‘s<m<*<‘ (d* an appr(*eia.l>le amount of 
CO in the flue gas(hs ts usiuilly atnauupaiiied l>y unburned 
hydrocarbons and hydr(^g(uu Wluui tin* air supply is insui- 
cient (Sec. 472), or suffici(*nt hut, not propt‘rly distributed, 
the combustion of the carbon will In* iin‘ompIt*t(* (Bee. 466) 
and CO will be formed. Bec^ note* bc'hnv. 

Notb.—Thb xum(:3KN‘TA<no, by vouumm, ou tuk ( *<) (cwebon monoxide) 

WXUL GENBllAULY BB VBBT HMAUU, BVKN WITH A SMAt.U AMOUNT OF EXCESS 
AIR, IF A Hicm BBRCJBNTAIJM OF CJOa (CAHinm OIOXIUK) UAH IfKBN OBTAINED 

as explained in the prec^eding Hcetiou. llowev<u% largt^ amounts of CO 
may exist with almost any amount of CX)a. Thus, if t,hi^ hre is thick aiid 
dirty in one part of the furnaeci, the coal in this pcjrtion will not receive 
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sufficient oxygen for complete combustion. Consequently, a large 
quantity of CO will result. If, at the same time, there is a thin place or a 
hole in another part of the fire, a large amount of air will rush through, 
and the CO2 will be small. Do not attempt to secure a high percentage 
volume of CO2 by cutting down the air supply only. If this is done, it 
will usually result in the formation of CO. 

QUESTIONS ON DIVISION 14 

1. Define combustion. 

2. What are the principal substances which are contained in coal? 

3. From what source is the oxygen for the conbustion of coal in a furnace usually 
obtained? 

4. What are the principal constituents of air? In what proportions do these con- 
stituents exist by volume? By weight? 

5. Explain what occurs when 1 lb. of carbon is completely burned in air? 

6. Explain with a diagram the chemical reaction which occurs to some extent in a 
furnace when carbon dioxide is reduced to carbon monoxide. 

7. Explain what occurs when 1^ lb. of carbon is incompletely burned to carbon 
monoxide. 

8. Why must the quantity of air which is supplied to a furnace be greater than that 
which is theoretically necessary for the combustion? 

9. What are the principal products of combustion which are formed when coal is 
burned in air? 

10. What is meant by flue-gas analysis? Describe, briefly, a commonly employed 
method of making a flue-gas analysis. 

11. Why cannot the sum of the percentages, by volume, of the oxygen, the carbon 
dioxide, and H ^he carbon monoxide be equal to the percentage, by volume, of the 
oxygen in the air which was supplied to the furnace? 

12. Name and explain 7 different ways in which heat from a boiler furnace is lost? 

13. Which of the avenues of heat loss from a boiler furnace may be practically con- 
trolled by the fireman? 

14. What is meant by “rate of combustion?” For a given grate burning a given coal, 
what things govern the rate of combustion? 

16. In general, what does a high percentage, by volume, of CO 2 in the flue gases 
indicate? 

16. Explain the general methods for obtaining a high percentage of CO 2 and a low 
percentage of CO. 

17. Why does CO in the flue gas indicate a low efficiency of combustion? 

PROBLEMS ON DIVISION 14 

1. The percentages, by volume, of a flue-gas analysis are reported as follows: Carbon 
dioxide, 8 per cent. ; oxygen, 7 per cent. ; carbon monoxide 1 per cent. ; nitrogen, 84 per 
cent. What is the weight of air which is being supplied per pound of fuel if 0.8 lb. of 
carbon is burned in the furnace for each pound of fuel which is fired? 

2. What is the percentage of excess air which is being supplied in Prob. 1? 

3. What is the weight of the dry flue gases formed per pound of fuel burned in Prob. 1? 

4. If 0.8 lb. of carbon is burned in the furnace for each pound of fuel fired, what is 
the heat loss per pound of fuel due to incomplete combustion? 
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496, The function of a steam power plant (Pig. 421) is to 
convert into nnv'hanicnl work <*lu*nucul^ energy (Sec. 28) 

which natures has stored in the fu<‘L In performing this 
fuuetioUj tlu^ (‘henduail energy or a part of i^ at. least—which 
is {‘ontained in tlu^ fu<‘l and in tlu^ «>xyg(m of the air, is, in the 
boiler furnac(\, transfornual info and given up as heat energy 
by combustion (l)iv. 14). Much of the luait energy, thus 
liberated, is transferred to water in tlu^ Innha*; this heat 
added to tlu^ water vap{»riy.cs tin* watcu' int(^ steam, in which 
most of tlu^ lumt r<unains sitnaal for transmission. This heat 
stored in tbe steam is tlum tninsmitbal in pipes to some 
mechani(*.al d<vvi(*e ((mgitH^) whieli is so dissigiual tliat a part of 
the heat energy in t he st (mm is by th(‘ luKii (mgine transformed 
into mochanitad work. 

Not®. — The rtjuposE of thw divisiont m t.o doscribo briefly tlie 
fundamental funetion and the up<'ratiou of sonu^ of tlu^ more, essential 
conipouentH of the nio<k‘rn Htcsniu powta* plant. For a. more detailed 
treatment of them', varioim (dtanenlH, the rend(‘r in ladernul to tlie following 
books by the author: “HU^uu Boil(‘r.s,” “St(‘aneengiMe Principles And 
Practice/' *‘Steam4url>in(‘. Prin<‘.ipl(\s And Pra<‘tiee.’' and “Steam Power 
Plant Auxiliaries And Ac<‘.<W)rieH/’ 

496. The essential parts of a steam power plant (Pig. 421) 
are: (1) The boiler furnace , 'h\ (2) The boiler^ B. (3) Tk 

steam piping^ P. (4) The prime nnwer, H. The* functions of 
each of these parts are ikvserilxHl in the not(\H l)elow and the 
parts themselves arc furtlum diseuss<Hl in following sections. 

Noth.— The boimk fuena(?e and the boidre arc frequently so 
constructed that a (hdinite and rigid {UHtimd.ion (mnnot always be made 
as to just what part constitutes the boik^r and wljat part constitutes 
the furnace. The boiler fwmeo (F^ Fig. 42 1 ) generally consists of some 
device, such as a grate (under F in Fig. 421), Htoker or burner (Fig. 428) 
for bringing the air which is neccBsary for combustion {&c. 472) into inti- 

464 



Sec. 496] 


STEAM POWER PLANTS 


465 



§ I 


T3 ES 

S *o3 

eg (- 
(U 

oJ 'W 

.2 g 

bO o 


^ ■§ 

M g- 

.2 O 

a 

‘ft 2 


OJ 




*=5 2 
S o 


*3 i? 

o 

•I I 

a ® 


S a 


M <U 

?a 


2 ^ 

^ tn 


g s 



466 


ifhW'p 


[Drv. 15 


mate contact with iho fm‘l, aiul a, spa(‘(‘, or rowbusidon cJianiher, usuall 
enclosed by fire))rick or in<‘(a.I, \viu‘nMa th<‘ combustio!i is completed and 
the hot producvts of coiiibuslion pSia*. -Ibli') irnnsinit. a- part of the lieat 
which they contain to tlu' boilta-. hoiicr is a. closcal vessel in which 

by the absorption of the heat of <*oinbus(ion of tiu‘ find, water is boiled 
and thereby converted into st<s*un. Th<^ h(‘a,t of <u)nibustion of the fuelis 
transmitted to the wa, hs of the boihn- by ra,diadion (Hec. 138), con- 
duction (Sec. Ill) a.nd couvcwtion (Stu*.. 137). lH‘a,t is transmitted 

by conduction through the walls of ( he boihn- (.o ( he water which is con- 



Fiq. 422. A complete portable non-ooad<‘n8iiijii: HtcMiai i>ower r)lu,n(., A Holf-coutained 
boistiiig-engine-and-boilot' outfit is aiioth(!r oxaiapt* of a (•onji]>lct(* pox'tahle .steam power 
plant. 

tained within the boiler. J5y tlie addition o*f a sudiclent <iuantity of heat 
to the water, it is caused to boil (vS(H‘.. 313) a,nd form steam. Thus, a 
part of the chemical energy in the fuel is tra.u.s(‘onn(Ml into heat energy 
and stored up in the steam as such. Practically any licpiid could be 
used in the boiler as the storage and transinittlng. nnaUum for the heat 
energy. However, due to the almost unlimit(Hl supply of it and also to 
certain of its inherent characteristitJH, watcir- -or wa.t(ir va>por which is 
steam ^is, where the combustion of the fuel doe^s not cxicur within the 
engine cylinder, always used as the medium in whicli the heat of com- 
bustion is stored for transmission from the furnace to the prime mover. 
See Sec. 391 for the reasons why water is the best medium for this purpose. 
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One exception is mercury now being used in three central station power 
plants. 

Note. — The pxtn'gtion' op the steam piping (P, Pig. 421) is to 
conduct the heat in the steam from the boiler to the prime mover. If the 
prime mover is mounted on the boiler 
(as it is in the locomobile and in port- 
able power plants, Fig. 422, of certain 
types), the steam piping can be 
omitted. However, practical con- 
siderations generally prohibit such an 
arrangement for plants of medium or 
large capacity. The pipes which con- 
duct the steam from the boiler to the 
prime mover are generally covered 
with some insulating material which 
offers great resistance (Sec. 114) to 
heat flow. Thus, the loss of heat 
from the steam, between the boiler 
and the pi’inie mover, is minimized; see Fig. 423. 

Note. — The phnction of the prime mover op a steam power plant 
is to convert into mechanical work the maximum possible amount of the 
heat energy which is delivered to it in the steam. The prime mover in a 
steam power plant is either a reciprocating steam engine (Sec. 502) or a 
steam turbine (Sec. 505). The engine or turbine drives mechanically 
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FiCr. 423. — Heat loss from steam pipes 



Fig. 424. — Fireless locomotive. Note the absence of the smoke stack. {H. K. Porter 
Co., Pittsburgh, Pa.) 

an electric generator, a line shaft, or some other device which will trans- 
mit energy or useful work. 

Note. — The pireless locomotive (Fig. 424) is not a complete steam 
power plant because its heat energy does not come to it in a fuel — ^no 
combustion occurs in it. But it does provide an interesting example of 
the conversion of Heat energy in steam into mechanical work. Its 
operation is as follows: The locomotive carries a storage tank, somewhat 
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similar to a boiler which has a capacity of about 7(10 cu ft ti,- . 

IS first about % filled with water. Then the (luik i>i i-r,,-.' 

tionary steam boiler wherein the si.eani Iress t t ^ 

sq. m. The tank and the boiler are periuK l,ed lo reiuahi*'conne t !?’ 

no more steam will flow into the lank. Then 1 he en., , «ntil 

The storage tank, which is well in.sulated a^unst lulilt h^f 

water and steam a,t a prcvsHun^ of a, bout Ih nor 

3S at a temperature of about 437" i.’. (see S(,ean, Table 394). As'the 


Wafer 


^'Saffet/ Vatves^^ 


I-becrhj Gircfer 



Fk.. 426. A hand-fired eoal-burninR watw-tul.e I, oiler fnr.mee ^iabcock & Wilcox Co ) 

«-"» = .i't: 

/■ types of boiler furnaces are: (1) Eard- 

427 furnace, Figs. 426 and 

? O^l-^rmng furnace, Fig. 428. (4,) Gas-burnina 

^o'^TheT Tt' furnace. Fig. 

430. The hand-fired (Fig. 425) and the stoker-fired furnaces 
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(Figs. 426 and 427) are used, respectively, in small and in large 
capacity installations for burning coal as received from the 
mine. A powdered-coal-burning furnace is used to burn coal 
which has been mechanically pulverized to a fine dust. Fur- 
naces of each of these different types are made in a number of 
different forms, depending upon the kind of fuel which is to be 
used, upon the type of stoker, if any, upon the kind of boiler 
(Sec. 498) with which they are to be used, and upon the opin- 
ions of the designer. 



Fig. 426. — Furnace for single-retort, underfeed stoker and' a low-head, bent-tube boiler. 

498. Steam-power-plant boilers may be classified according 
to a number of different schemes (see the-author^s Steam 
Boilers ”). However, practically all modern boilers are either: 
(1) Fire-tube boilers^ Fig. 431, wherein the drum contains a 
number of tubes which are surrounded by water, and through 
which the high-temperature gaseous products of combustion 
are passed. (2) Water-tube boilers^ Figs. 425 to 430, wherein a 
number of tubes are connected to one or more drums and the 
high-temperature gaseous products of combustion are passed 
over the tubes which are filled with water. The reason for 
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the tubes, whether fire tubes or water tubes, is to increase the 
area of the boiler surface which is exposed to the hot gases 
By thus increasing the area (See. 115) which is in contact with 
the hot gases, the heat transfer from the gaseous products of 
combustion to the water within the boiler is materially 



Fiq. 427. Furnace for a chain-gi-ato atokor dcaiKiioa to liurn No. :! l.ucUnvhoat under a 
fl.OOO ari. ft. I, oiler. 


increased. Fire-tube boilers are l>uilt in (.hree ]>rincipal types 
as described in the following note. 

Note. The pbentcipal types of pikio-'I’uhk noiuans arc: (1) The. 
r^uT^tub^r boiUr, Pig. 431. (2) The locomotive-iupc boiler, Pig. 432. 

(3) The Scotch-marine boiler, Pig. 433. An cxlernallii-Jircd boiler is one 
wluch has a separate furnace built outside of the lioihu- shell. An inter- 
nally-fired boiler is one wherein the furnace is located wit.hiu the boiler 
and forms an integral part with it. Practically all water-tube boilers 
(Pigs. 425 to 430) are of the externally-firod typo. The return-tubular 
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boiler (Fig. 431) is an e.xtornally-firetl fire-tnbe I)oilcr The *■ 

type boiler (Fig. 432) and the Scotch-marine boiler (Fig 4331 * 

nally-fired fire-tube boilers. In general, tlic applications of the boi era 
of the various types mentioned above are about as follows- (1) Ran 



Fig. 430. — Fulverized-coal furnace under a 7 
generate 90.000 lb. of steam an hour at 440 lb. 
WheeLer Co.) 


,500 Hti, ft., beut-tubo boiler designed to 
per 8<i. in. prcHHuro and 734® F. {Foster 


tuh^ar and water-tube boilers for mediuinr-capacity stationary instaXUxiions; 
only -water-tube boilers are used for large-capacity installations. (2) The 
6 OTfer/or portable and small-capacity stationary installations. 
tdl 7 he hcotch-manne boiler for land ond marine service where the available 
ootler space is small. 
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499, The efficiency of a boiler and furnace (and grate if 
the furnace has one) is the ratio between the quantity of heat 



which is absorbed by the water and steam in the boiler and 
the quantity of heat which should have been liberated by the 



complete combustion of the fuel which is fired. This may be 
written as a formula thus : 
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(342) 



(decimal) 


Wherein: E = the efficiency of the boiler and furnace (and 
grate, if any) exprcs-sed dcndinally. Q„ = heat, in British 
thermal units, which is absorbed by the boiler per pound of 
fuel fired; Qs is computeil from tlu^ data obtained in an 



evaporation test. H = the heating valuer (S<'c. 452) in British 
thermal units per pound of fud as fired; H is determined 
(Div. 13) by a calorimeter test of the fuel or (See. 469) from the 
results of the ultimate analysis of the fuel. 


Example During an evaporation tout, it was found that a certain 
boiler absorbed 9 346 B.t.u. for each pound of (ioal fired. The heating 
value of the coal, as fired, was 12,600 B.t.u. per lb. What was the 
leiency of the boiler, furnace, and grat.o? Solution*. —B y For. (342), 
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■the efficiency of the boiler, f urnace, ami grate, E = Qjg/H = 9,346 ■4- 
12,600 — 0,741, or 74.1 per cent. 

500. Rating Of Steam Boilers. — Boilers are rated according 
to the pounds of steam generated per hour and upon the square 
feet of heating surface that the boiler contains. The term 
boiler horsepower is still used to rate small boilers. This 
is an arbitrary unit and is equivalent to the evaporation of 
34.5 lb. of water per hour from a temperature of 212° F. and at 
atmospheric pressure to stc^am at the same temperature and 
pressure. To evaporate a pound of water under these condi- 
tions 33,479 B.t.u. of heat must be added; hence a boiler horse- 
power is also equivalent to 33,479 B.t.u. per hr. Early 
boilers when operated undcu* ordinary conditions as to setting, 
fuel, and firing developed 1 boiler hp. per each 10 sq. ft. of 
heating surface. Hence manufacturers rated boilers on the 
basis of 1 boiler hp. for ea(4i 10 sq. ft. of heating surface that 
the boiler contained. Modern boilers will develop 3 to 4 
boiler hp. per 10 sq. ft. of heating surface and special units 
have gone as high as ten. For this reason the use of boiler 
horsepower and this arbitrary method of rating boilers is 
being discarded. 

Example. — A boiler which has 2,000 sq. ft. of heating surface is 
rated as a: 2,000 4- 10 = 200 boiler hp. boiler. This boiler will, under 
average conditions, readily dewelop 200 hp. But by forcing — assuming 
sufficiently largo grate area — all boilers may develop 50 per cent, more 
than their rated horsepower. Good water-tube boilers may develop 
continuously 300 per cent, rating and on short duration peak loads 600 
per cent, rating. 

501. The prime mover of a steam power plant is the machine 
— ^heat engine — wherein a portion of the heat energy of the 
steam is converted into work. This machine is usually either 
a reciprocating steam engine or a steam turbine. For a detailed 
description of many of the several different types of steam 
engines and steam turbines see the author’s '^Steam-engine 
Principles And Practice” and "Steam-turbine Principles And 
Practice.” A brief discussion of the principles of operation 
of the steam engine and the steam turbine are given herein 1'' 
Secs. 502 and 506, respectively. 
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Note. — As to the applications op engines and turbines, tur- 
bines will prove the most economical in practically all large-capacity 
installations. In medium- or small-capacity installations, either engines 
or turbines may prove the most economical, depending upon the condi- 
tions. Turbines arc inherently high-speed constant-speed machines, 
which may render their use impracticable for certain applications for 
which they otherwise might be the most economical. Turbines have no 
heavy reciprocating parts as have reciprocating steam engines. For 
equal power output the space occupied by a steam turbine is much less 
than that occupied by a steam engine. Turbines are considerably lower 


in first cost than engines of equal power; this is because of the higher 


speeds and simpler construction of 
the turbines. Engines have lower 
steam consumption than turbines 
when both are exhausting against high 
back pressure. 

502. The principle of opera- 
tion of a simple reciprocating 
steam engine (Fig. 434) may be 
understood from the following: 

Explanation. — As shown in Fig. 
434, the piston, P, is just a little be- 
yond dead center so that if a sufiicient 
force in a right-hand direction is 
exerted upon the piston, it will move 
in that direction. At this position of 



H-Cy linoler 


Fio. 435. — Iiidicatox' diagram of a 
steam engine showing position of piston 
when the various events of the cycle 
occur. The “Line Of Atmospheric 


the piston, the slide-valve, D, is in a Pressure” is made with the valve be- 

position such that the port of the the indicator and the en^ne 

-rir ■ T , 1 cylinder closed — ^no steam in the 

steam-passage, H, is slightly open, indicator. 

Live steam (which is at a considerable 


pressure) from the boiler flows through the live-steam pipe, S, into the 


steam chest, M, and fills M. From the steam chest, the steam passes 
through the steam passage, H, and into the cylinder on the left-hand 
side of the piston, P. The pressure which the steam exerts on the piston 
forces the piston to the right. This rotates the main shaft. 

As the piston is thus forced to the right, steam continues to flow 
through H into the cylinder until the valve, D, which is actuated by the 
shaft through the eccentric rod, and the valve stem, L, in moving to 
the left closes the port to the steam passage, JL. This is called the point 
of cut-off (C, Fig. 435). That is, the steam supply to the cylinder is 
cut off. The steam which is thereby entrapped in the cylinder is, at 


the point of cut-off, at a comparatively high temperature and pressure. 
Consequently, the steam continues to exert a force on the piston to the 
right. As the piston continues to be forced to the right by the expanding 
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steam, the steam space in the {‘.yliiuhn* on the left, of tiui piston Increases 
That is, the steam expands behind the piston atul in so doing continues 
to exert a pressure on it. 

While the piston has I,>een foretal t,o (he right as explained above the 
valve, D, has been moved to t he left, so t.ha t’ jnstui litt lt^ J>t^l’ore the piston 
reaches its extreme right-hand position, the /i-shaptal slide-valve has 
uncovered the port of the st,(‘am passa,g(‘, //. But, at this position the 
passage, if, instead of opening into the st.<uim eh(‘st, now opens into the 
exhaust chamber, X, Tlu‘. point at. which the va.lv(‘, opens (/t, Pig. 435) 
the steam passage to the exhaust cha,ml>er is caihul tlie ‘pomt of release. 
The exhaust chamber con,ne<d.s t.o sonn' n^gior], siH'.h a,s the atmosphere 
or a condenser, wlierein the pressure is low<‘r t.iuin t hat of tiie steam in the 
cylinder at the point of release. Thus, wlum th(^ st.(uim passage, if, opens 
to the exhaust chaml>er, A", the stea.m st,ar(.s t.o flow out of the cylinder. 
In a double-acting engine such as shown in i'hg. -134, a, short time after 
the steam passage, //, has opened to (J\(> (‘xlniust., t h<i slide valve uncovers 
the port of the steam passage, P, and steam la^gins (,o flow into the cylin- 
der on the right-hand side of tlu' pist.on. This fou^es the piston to the 
left in a manner similar to that described n,bov<u 

As the piston is now thus forced to the left., it pusla^s 1 steam which is 
on the left-hand side of it out of the cylimhu* through // and the exhaust 
chamber, X. While the piston is now jnoving to iliti l(‘ft, t h(^ slide-valve, 
D, moves to the right so that when the pist.on ha.s com plot cul about % of 
its stroke (if, Pig. 435) the steam pasHag<^, //, is <4 os(hI to the exhaust 
chamber, and steam trapped in t.he end of (.lies cylindcu* is compressed, 
if is called the point of compression. Then, wluui t in; piston travels a 
little farther to the left (A, Pig. 435), the slide valv<.‘. is shifted a little 
farther to the right and the steam passages, //, is opcuunl to the steam 
chest, iff, and steam is now admitted to the ]cft-ha,nd end of the cylinder. 
This is called the point of admission. 

The kinetic energy which lias hetui stored in the moving flywheel will 
carry the piston over its dead center so that the steam which is now 
being admitted to the left of P begins another (\vcd(i! of opevration. As 
the engine continues to operate, st.eam is (.bus alternatt^ly a.dniitted to and 
exhausted from both sides of the. piston. The reciproca,! ing motion of 
the piston is transformed into rotary motion of tlic sluvft by the connect- 
ing rod R (Pig. 434) and the crank, K. 

503. A steam-engine indicator diagram (Fig. 435) is a 
graph of the pressure variation within one end of tlie cylinder 
of an engine while the piston is being forced from one end of 
the cylinder and backj such a graph is plotted by an indicator 
(Sec. 696). The net area included by a steam-engine indicator 
diagram is proportional to the work (See. 262) which was done 
on one side of the engine piston during the power stroke and 
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the return stroke^, -vvlu^n the dia^>Ta,iu was taken. The average 
height between tlu^ upper and lower linejs of the diagram is 
proportional to tlui mean (‘ffecMve pressure on the piston. 
The mean effe(‘.tivc pr(\ssiu*e may be determined from an indi- 
cator diagram by a j)laiHin(4(‘r, or, as explained below, by the 
method of ordinates. 

Explanation. — Tim mkan effective pressure may be determined 
from an indicator diaoham by the method op ordinates (Pig: 436) 
as follows : Draw two liucw, C D and EF, pcrpcudicular to the atmospheric 
line AB so that eacti line is tangent to 
the indicator diagram at oiu^, of its (mkIs. 

Then take a ruhu’ a,nd placu^ tln‘. ^ero 
graduation at any jioini on one of tiie 
lines, EFj and the 5-in. graduatton on 
the other lino, CD. With a sharp- 
pointed pencil make a dot (Pig. 436) on 
the indicator card at each, (piarter-inch 
graduation; that is, at the ju-in., tlie 
%-in., the 13d--hi., the t-^.i-im, gradu- 
ations, etc. Remove the rider, and 
through each dot thus made, draw a 
pencil line (shown dotted in the illus- 
tration) thi’ougli the indicai:.or diagram 
(as mn, op, etc., Pig. 436) perpendicular 
to the atmospheric lino, /1/i. Then 
measure the length in incihes, of that 
portion of each line whicii is within 
the indicator diagrtim. Add together 
the lengths, in inches, of all of the lines and divide the sum by the number 
of lines, whicli is 10. Multiply this quotient by the scale of the indicator 
spring. The result is the mean effective pressure in pounds per square 
inch. Sec the following example. 

Example. — The scale of the spring, which was used in taking the indi- 
cator diagram shown in Fig. 436, was 100. What was the mean effective 
pressure? SoLUTiON.—Tho vertical lines within the indicator diagram 
(Pig. 436) were drawn as explained above. The length, in inches, of 
each is as shown. The sum of the lengths = 1.30 A- 1.41 -f- 1.34 A~ 0.93 Ar 
0.69 + 0.51 + 0.37 + 0.28 + 0.22 + 0.18 = 7.23 in. The sum of the 
lengths divided by the number of lilies == 7.23 -t- 10 = 0.723 in., which is 
the average height of the diagram. Since the scale of the spring is 100^ 
the mean effective pressure = 0.723 X 100 72.3 lb, per sq. in. 



Surn Of The Lcnojfhs Of The, 

Average Heiofht Of Dioiofrom- 
•fl0=0.7Z^>’' 

Heoin Ef-fec+ive 

0T23 X 100=7W lb. Peh 5ci, .Inv 

Fio. 436, — Determining the mean 
offoctive pressure from an indicator 
diagram by the method of ordinates. 


604. Horsepower developed by the steara within the engine 
cylinder may be determined by the following formula: 
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(343) . ^3^000 ii^oi'SBpowcr) 

Wherein: P = the indicated hors(^pow(‘r whi(4i is developed in 
that end of the cylinder for whi(di the indicat-or diagram is 
taken. P = the mean effective i^ressure, in |X)uiids per square 
inch, as determined from the indicat, or diagram (Sec. 503). 
L = the length of stroke, in feet. A = tla^ area of the piston, 
minus the area of the piston rod, if tlie piston rod extends 
through the head of that end of the cylinder from which the 
indicator card is taken, in square inches. N = t,he number of 
revolutions per minute of tlie main shaft. If tiie engine has 
more than one working cylinder end, the indicated horse- 
power is determined as explained al)ov(^ for (‘a(;h end. Then, 
the total indicated lioi'sejoowcu' of the engine is i,he sum of the 
indicated horsepower developed in ail of the working cylinder 
ends. 

Example. — The indicator card shown in Fig. 436 was taken from the 
head-end of a steam engine cylinder. That is, the piston rod did not 
extend through the cylinder-end from which the indicator (‘.ard was taken. 
The length of stroke was 2 ft. The diameter of th(^ piston was 20 in. 
The engine was running at 125 r.p.m. What was tlui liorsepowcr which 
was being developed in that end of the cylituhjr? HoixrTioN. — By the 
solution to the problem under Sec. 503 the mean ejfective pressure = 
72.3 lb. per sq. in. The area of the piston = 3.14 X 20 X 20 4 = 314 

sq. in. By For. (343), the indicated horsepower for this end of the cylinder, 
P = PLAiV/33,000 = (72.3 X 2 X 314 X 125J s- 33,000 = 172 hp. If 
the engine is a double-acting one, as is that of Fig. 434, and the power 
developed by the crank end is the same as that for tlie head-end — which 
it probably would be, approximately-— then the total power developed hy 
the engine = 2 X 172 = 344 hp. 

606. The steam turbine (Fig. 437) is, when it is operated 
condensing, a very efficient device for transforming into 
mechanical work the heat energy whicdi is contained in the 
steam. Steam turbines arc manufactured in capacities 
ranging from to 160,000 kw. Their })rinc.ipa,l uses are as 
prime movers for driving electric generators and for driving 
auxiliaries (Sec. 509) in steam power plants, and for driving 
centrifugal pumps in pumping stations. In central station 
power plants, the prime mover is usually operated condensing 
(Sec. 513) and the turbines which drive the auxiliaries are 
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operated non-condensing. Then, the exhaust steam from the 
turbines which drive the auxiliaries is used for heating the feed 
water (Sec. 518). In industrial x>ower plants the main tur- 
bines often are operated non-cjondensing and the exhaust steam 
is used in a manufacturing process and for building heating 
during the winter. Steam turbines arc inherently high-speed 
machines, ’ the usual operating speeds being from 1,200 to 
4,000 r.p.m. 



Fig. 437. — An. Alberger-Cui’tiH iinpulHC-type .steam turbine having three rows of moving 

blades. 

606. Steam turbines are of two principal types : (1) The 

impulse turbine. (2) The reaction turbine. Turbines are also 
frequently made wherein both of the above types are combined 
in one machine. The principles of operation of turbines of 
each of these two tyi)es are briefly explained in the following 
notes. 

Note. — The principlio of operating a steam turbine of the 
IMPULSE TYPE (Fig. 438) is as follows: Steam which is at a high tempera- 
ture and pressure flows from the steam chest, C, Fig. 437, through the 
nozzle, N (Figs. 437 and 439). As the steam issues from the nozzles, N, 
at an extremely high velocity it strikes the blades, By and causes the 
wheel, W, to rotate. The diverging nozzle, N, is so designed that the 
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Fio. 438.-~Forco duo 
to impulse of steam ou 
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Ficf. 440. 



After the ateam ie turned 

Ptc. 441.-Iieaction of water loay[ in 
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yteani in passing l.brnugh it undergoes pnietieally fricdioiiless adiabatic 
(isentropic) expansion (Sec. 3S5). During this expansion, some of the 
heat energy of the steam, is transformed into kinetic energy (Sec. 385). 
Thus, the steam issues from the nozzle at a high velocity, usually from 
about 2,900 to 4,000 ft. per sec. In the impact of this high-velocity steam 
on the turbine blades, a largo part of tlie kinetic energy is transformed into 
mechanical work of turning the wheel. After the steam leaves the wheel 
it is exhausted from the turbine easing into the atmosphere, into a 
feed-water heater (Sec. 518), into a building or industrial-process heating 
system (Div. 17), or into a condenser (Sec. 513). 

Note. — In turbines of the reaction type, the expansion of the 
steam also occurs in the moving nozzles (Figs. 440 and 441). That is, 
the moving blades on the turbine rotor or wheel, are so designed that the 
steam expands in passing through them. As the steam expands in these 
moving nozzles the heat energy is transformed into kinetic energy in 
essentially the same maimer as was described above for the impulse 
turbine. As the steam issues from the moving nozzle at the high velocity 
thus acquired by the expansion, it “kicks back,” or produces a reactive 
force on the moving nozzle of the wheel and causes it to rotate. This 
“reaction” occurs only when the steam leaves the nozzle with a velocity 
higher than that with which it aiiproached the nozzle. 

507, The efficiency of a steam prime mover (Sec. 501) as 
a device for converting into mechanical work at the shaft 
the heat energy which is in the steam that is sux^plied to it, is 
called the thermal brake efficiency or overall efficiency^ Sec. 436. 
It may be computed by the following formula: 

17 2,545 X Pa ,, . IX 

(344) E = (decimal) 

Wherein: E = the thermal brake efficiency, expressed as a 
decimal. P^ = the power, in horsepower, delivered by the 
shaft; that is, it is the brake horsepower as is determined, 
usually, by a brake on the shaft or with an electric generator 
which is driven by the shaft. — the rate of steam con- 

sumption of the prime mover in pounds per hour (see note 
below). H = total heat, in British thermal units per pound; 
of the steam (Sec. 365) at the throttle, h — the heat of the 
liquid, in British thermal units per pound (Sec. 363) at the 
exhaust pressure. 

Note. — Thermal brake eppiciencies of reciprocating steam engines 
vary from about 5 per cent, for small-capacity, non-condensing, simple 
engines, to about 25 per cent, for large-capacity, condensing, triple- 
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expansion engines. For ateam turhines thennal brake efficiencies 
vary from about 7 per c(uxt. in small-capacil.y, non-eondensing turbines 
to about 28 per (;ent. in largo-eapaeity <U)nclt‘nsing turbines. ^ 

Note. — The steam: itATE of a steam i>hime mover may be defined 
as the number of pounds of sbiani vvlueh is nKiuinul to develop one unit 
of energy- The unit of oiuu'gy, whitdi is usually specified in a manu- 
facturer's steam-rate guarantee for tlui prinu^ mover, is either the indi- 
cated horsepower-hour, lirakc; liors(‘power-hour, or tlui kilowatt-hour 
The manufacturer's stea,m-rafe gua,ra.nt,ee is a, I ways based upon the speci- 
fied initial and exhaust sf.(‘a,m e.ondif ions, tla^ load, aud the speed in 
revolutions per minute. The: sttniui rate- of a sl,(uun prime mover is 
when stated in conjunction wit h Mu* inifiat and (‘.xhaust steam conditions 
an indication, of the ollicifauw of op(u*a,f,ion. But the steam rate is a 
rather meaningless value unh^ss the' .st(‘a,m (amditions uinhu- which it was 
obtained are given. 7^ he steam rales of reriproeatiug steam 6*w^;mes vary 
from about 12 lb. per t>.hp.-hr. for la,rg(‘-capa.cit,y (•.()mi)ourui condensing 
engines to 45 or 50 lb. p(U' b. lip. -hr. for sma.ll-(uipacity simple non- 
condensing engines. 77ie steam rates of steam, larth/i.es vary from about 
7,5 lb. per b.hp.-hr. for large-ca.pa<aty (‘.oiuhmsing t urbines to over 501b. 
per b.hp.-hr. for siUall-capa-city non-tuindensing turbines. 

608. The Commercial Rating Of Steam Prime Movers Is 
Usually Based On The Power Output Somewhere Near The 
Most Efficient Load. — If the prime movtu* is dirt'et (*onnected 
to an electric generator, it; is usuaJIy radocl in the kilowatt 
output measured at tlu‘. goiuuuit.or t<‘rmintils. If the prime 
mover is not direct coniKHd^tnl to an (d('(d;ri(* gtuHvrator, it is 
ordinarily rated in brakti hors(‘povv(‘r in(^a.sur(‘d at the main 
shaft. Such ratings arc usually e.ontingx'iit vipoTi a certain 
speed in revolutions per mi nut, (^, and u pon e(n’ta,in initial and 
final steam conditions. Fraedicuilly all shuiin prime movers 
are capable of carrying a load which is a,t kuist 25 per cent, 
greater than the full-load nam(^-plat,(‘ ra,ting. Large turbines 
are rated at their maximum output. 

509. The principal auxiliaries with which steam power 
plants are frequently provided arc: (1) BoiUr’-fvmiing apparatus 
(ibr, Fig. 421), Secs. 510 to 512. (2) Coridvnsers (ci, Fig. 421), 

Sec. 513 to 515. (3) Feed-water heaters: (//, Mg. 421) Sees. 516 

to 522. (4) Superheaters^ Sec. 523. (5) Artificial draft appara- 

tuSj Sec. 524. (6) Economizers, (jf) Air ^mfieater. (8) Com- 

bustion equipment. The purpose of sucii auxiliaries (with 
the exception of the boiler-feeding apparatus) is to improve the 
economy of the plant. Whether or not the economy of the 
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plant will be improved by an auxiliary will depend upon 
the size of the plant and upon local conditions and must be 
determined for each individual plant. Refinements are not 
ordinarily justified in small plants. The remainder of this 
division contains a brief description of the function and of the 
operation of the principal types of the more important steam- 
power-plant auxiliaries. For a detailed treatment of these 
devices, see the author's Steam Power Plant Auxiliaries and 
Accessories." 

510. The two principal types of boiler-feeding apparatus 

are: (1) injectors, Sec. 511. (2) Pumps, Sec. 512. As the water 

in the boiler is evaporated into steam and as the steam is used 
by the prime mover, more water must be fed to the boiler. 
Since the steam in the boiler is at a relatively high pressure 
(say, 60 to 1400 lb. per sq. in.), some device must be used to 
force the feed water into the boiler against this pressure. 
Sometimes the water is fed to the boiler by a gravity-operated 
trap; see the author\s Steam Power Plant Auxiliaries and 
Accessories." In stationary steam power plants, injectors are 
now seldom used even for stand-by service. They are used 
extensively in locomotive and portable boilers. Pumps are 
the most important boiler-feeding apparatus. 

511. An injector for feeding water to a boiler (Figs. 442 
and 443) has a thermal efficiency of about 99 per cent. That 
is, with the exception of about 1 per cent. , all of the heat which 
is contained in the steam upon its admission to the injector 
is either expended in doing useful work, or is returned to the 
boiler as heat. From this it would appear to be almost impos- 
sible to find a more efiicient device for feeding the boiler. This 
is true for those steam power plants such as a locomotive where 
a feed-water heater is not provided. But the efficiency of an 
injector as a pumping unit alone is only about 1 or 2 per cent. 
A stationary steam power plant usually has sufficient exhaust 
steam from the engine, the condenser pumps or other auxil- 
iaries (Sec. 515) to heat the feed water, which steam, if not used 
for this purpose, would be wasted. Therefore, since an inj ector 
will not handle water at a temperature exceeding about 150° F ., 
and since boiler feed water can be readily heated to about 
210° F. with exhaust steam, a pump for boiler feeding is 
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generally more economical than iw an injector. Furthermore, 
under conditions of extreme variation in steam pressure, the 
operation of an injector is somcnvhat irrt'giilar and uncertain. 
However, due to simplicity, coiuptud.nc'ss, low first cost, and 



Fig. 442. — Complete small-capacity steam i)()\v(u- plant which ustw only an injector for 

boiUu’ f<*(‘ilinK. 

low maintenance cost, the injcH't or is ai)pli(*ablc as a stand-by 
unit for boiler feeding. The priiu‘ii>lc of 0]:)oration of an 
injector is explained below. 


Comhminsr 



Explanation. — In starting the injector, steam from the boiler is 
admitted to the injector at yt, Fig. 44 B, and flows through nozzle C, 

tube 7>, the optming O, and out to the 
at,mospher<> through the overflow G. 
Steam, issuing at high velocity from 
Cf low(n*s th(‘. pr(\ssur<^ iind di-aws the 
air from the hKvhwater inlet B, thus 
(‘.ausing the water to rise therein until 
the stefxin issuing from C strikes the 
-Sectional view of ole- water. Tlic steam, whi(‘h is emerging 
mentary ir>jector illustrating the priu- j condenses 

on meeting the water and imparts 
a considerable momentum to the water. The kinetic energy which 
is thus acquired by the mass of water is sufficient to carry it across 
the opening, O, to open the check valve, //, and to force it into the boiler 
against the boiler pressure. After the water starts to flow across the 
opening, O, the steam ceases to escape from 


S Open/ngr^-'O 
Vefivery Tube‘‘ 

Inleb-'^'' Oy^rflQW-^' 
Fig. 443.- 
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512 . The two types of boiler -feed pumps which are most 
frequently used arc: (1) Piston pumps, Fig. 445. (2) Centrif- 

ugal pumps (Fig. 444). The principle of operation of each is 



described below. Piston joiimps are generally either direct- 
acting or power driven. In a direct-acting steam pump (Fig. 
445), the steam piston is directly connected to the water piston 
by the piston rod. The steam is usually admitted to the steam 



Fig. 44.5. — Section through a direct-acting duplex boiler-feed pump. 


cylinder throughout the entire stroke. In a power-driven 
piston pump the water piston is actuated through a crank 
mechanism which is ordinarily driven by a steam cylinder, an 
electric motor, an internal-combustion engine, or from a line 
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shaft. Centrifugal boiler-fe(Hi puini^s (Fig. 444) are ordinarily 
driven by either an electric motor or by a st(ann turbine. The 
total capacity of the boiler-f<‘ecl pump should be such that it 
will deliver water at a rate (^qual to tlu^ maximum evaporation 
of the boiler. 

Not33, — -The TEiTi>EN(n'- Im Moi>ehn Ph.^ctioe Iisr Boilee-feeding 
I s T o w ARB T HE Us E O K C 'e NT El E iH s A E P If M i»s. C t ^ 1 1, rif ugal pumps have 
no suction or discharge valves to W(*ar a-iui no piston (,o keep packed 
Consequently, the deerea.se in, the ellhucaiey of a c.eiii,rii\igal pump due to 
wear in service is practically sau-o. Th(> ilinict-a, cling piston pump is 
probably, more reliable for eont.imiity of hl'wIw. tha,n is a centrifugal 
pump, whereas the ovt'.rall efllcleiuy of tlu^ (Hadrifvigal puinjo is generally 
higher than is that of the stea.in pump. 

Explanation. — The r)iHE(!T-A<''riN<i pls'pon pump for boiler feeding 
(Fig. 445) is usually of the duplex typo. That is, two pumps, one of 



which is shown in Fig. 445, arc mounted side by side, and integral with 
each other. The steam valves of each are so actuated that when one 
of the pistons is in the stationary i>osition at the end of its stroke, the 
other piston is moving. Thus, the discharge of water from a duplex 
pump is continuous- The operation of ea(di unit of the pump is as 
follows: Steam is admitted throughout the entire stroke to first one side 
of the steam piston, P, and then the other. The steam is admitted to and 
exhausted from the cylinder by the operation of a J>~slido valve in essen- 
tially the same manner as explainecl in Sec. 502 for the steam engine. 
The reciprocating motion thus imparted to the steam piston is trans- 
mitted to the water piston, W (Ifig. 445). Tlie suction valves, S, and 
discharge valves, P, are so operated by the water pressure, which is 
caused by the moving of the water piston, that the water which is drawn 
into the water cylinder through the suction valves, ;iS^, on one stroke is 
forced out through the discharge valves, Z), on the next stroke. 

Explanation. — The operation of a centrifugal pump may be 
understood by referring to Fig. 446. The water is admitted to the pump 
around the shaft through the suction inlet, S. It is discharged at D. 
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The pump must first be “primed’’; that is, the casing, C, must, in. some 
way, be entirely filled with water. After the pump is primed, the impeller, 
R, is rotated, say, by an electric motor or a steam turbine, at a high speed 
in the direction indicated by the arrow. Rotation of the runner imparts 
high velocity to the water in the impeller. Owing to the centrifugal 
force which is thus set up by the rotation, the water moves into the casing 
where its velocity energy is converted into pressure. This water pressure 
causes the water in D to rise. As the water in D rises, the “suction” 
which is thus created within the casing causes more water to be drawn 
into the pump at S. Tims, the action is continuous in drawing water in 
at S and forcing it out through I). 



Fig. 447. — Surface condenser showing arrangenneut of condensate pump and cooling- 

water pump. 

613. The function of a steam-power-plant condenser (C, 
Fig. 421) is to condense the exhaust from a steam engine or a 
steam turbine and thereby increase the economy of the plant. 
By exhausting the air from a suitably designed vessel — con- 
denser — ^which is connected to the exhaust of an engine or 
turbine, and then by entrapping the exhaust steam therein 
and cooling it, part of the steam will condense. If a vessel 
which contains only steam at atmospheric pressure and 212° F. 
is cooled to 60° F., the pressure within the vessel will be 
lowered from 14.7 to about 0.26 lb. per sq. in., abs. Although 
such a low pressure is seldom attained in practice, the use of a 
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condeiiiser iiwually lowcns t.h(‘ bjK'k pnvswure on an engine 
or turbine from about 17 to 18 li). pen- sep in.-, aba., to some- 
where around 0.5 to 2 lb. per wq. in., abs. 'Thus, l)y operating 
a steam engine or steam turbine <a>nd(nising, less steam is 
required to develop a given amount of powen; tlian when oper- 
ating non-condensing. The saving in stxnim with condensing 
operation over that of non-(*,ondensing o])eration is ordinarily 
from about 20 to 30 pen* cent. VVil-h (mndonsing operation 
maximum economy in overall cost of opcn-jtl ion is provided 
when the condenser vacuum gage renuUng (t he pressure in the 
condenser) is about as follows: (1) Fo)' recn/procating steam 
engines, 26.5 in. of mercury. (2) For steam turbines, about 
29 in. of merem'y. St(^a,ni-pow(u*-p]ant condensers are 
described briefly in the following sections. 

Note. — The theoretical money saving dxte to the installation 

OF CONDENSERS MAY NOT ALWAYS BE REALIZED, pa.rti(nil.Trly ill Small 

plants and for small iDiime niovca-H. This is l>eca,use of the initial and 
maintenance expense of the coiulciuser a,jui of the auxiliaries which 
are necessary for its operation. UikUh* (u‘rta.iii ($onditions the expense of 
condenser operation may bo gr<‘.at.or t.haii the saving effected by the 
condenser. Condensers are seldom economically justified in plantiS of 
capacities less than, say, 400 hp. 

514. The two principal types of condensers are: (1) The 
surface condenser, Fig. 447, wheridn tlie (exhaust vstcam and 
the cooling water are separated by the walls of metal tubes. 
(2) The jet condenser, Fig. 448, wluu*ciii the exhaust steam and 
the cooling water are mixed together. Jet condensers may 
be classified according to the method of nunoving water and 
air from the condenser, as : (a) Low-level jet condenser (Fig. 448) 
wherein the condensed steam, the cooling water, and the air 
are removed by pumps. (6) Siphon-jet condenser, sometimes 
called a barometric condenser (Fig. 297), wherein the condensed 
steam, the cooling water, and someiamos the air, are removed 
by a barometric column, (c) Ejector-jet condenser wherein 
the condensed steam, the cooling water, and the air are 
removed by the ejector effect of the cooling water. The oper- 
ation of a typical surface condenser and of a low-level jet 
condenser is explained below. Condensers of each of these 
types have applications for which they are best fitted. Where 
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'Fia. 448* — An BUoi-Erhart low-levcl jet condenser. 
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the cooling water is '^bad/' and hence cannot be permitted to 
mix with the boiler-feed water, the use of a surface condenser is 
usually imperative. Where cooling water is scarce or expen- 
sive, the same water may be used over and over again by 
cooling it in a cooling tower (Fig. 290) or in a cooling pond 
(Figs. 289 and 291). 

Explanation. — The opbuation of a stiRii'ACE condenser is as 
follows: The cooling water is pumped through the condenser tubes 
(Fig. 447) by the circulating pump, C. The exhaust steam from the 
engine or turbine enters the condenser at and comes in contact with the 
metal tubes which contain the cooling wal.ca*. Since the temperature of 
the exhaust steam is higher than that of the cooling water, heat flows 
from the steam, through the metal walls of the tulx^s and into the water. 
The heat which is thus given up by tli(i st<^a.m causers it to condense to 
water, which falls to the bottom of tlie condenser. Tlie heat which is 
absorbed from the steam by the water is carried out of the condenser by 
the cooling water. The condensed steam, is removcxl by the pump, P, 
and air that leaks into the condenser is removed by t.he steam-operated 
ejector, A, 

Explanation. — The operation op a low-level jet condeNvSer 
(Fig. 448) is as follows: The cooling water enters t.he condenser at A and 
is broken up into a fine spray by the nozzles, N. Tlui exhaust steam from 
the engine or turbine enters the condenser at B, mixes with the cooling 
water spray and is condensed in the cond(uising (diamber, C. The mix- 
ture of condensed steam and cooling water falls by gravity to the bottom, 
I>, of the condenser from which it is removed by the centrifugal pump, P. 
In the particular condenser shown in l^ig. 448, air is removed from the 
condenser by a steam-ejector, E. 

515. For successful operation of condensers, pumps must 
ordinarily be used (Fig. 447) to circulate the cooling water, 
to remove the condensed steam — condensate — from the con- 
denser, and to remove the air which is entrained with the 
exhaust steam and which leaks in at the fittings. The pumps 
which are used in conjunction with condensers are: (1) Circulat- 
ing pumps, C, Fig. 447, and P, Fig. 448, to supi.)ly the cooling 
water, or in the case of low-level jet condensers to remove the 
mixture .of cooling water and condensate. (2) Dry-vacuum 
pumps, B (Fig. 448), for removing only the air from a surface 
or jet condenser. (3) Condensate pumps H (Fig. 447) for 
removing only the condensate from surface condensers. 
Piston pumps (Sec. 512) and centrifugal pumps are used as 
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circulating punipKS and condeii!sate pumps. Dry-vacuum 
pumps are of the piston type, steam-jet type, or hurling-water 
type. The trend of recent large capacity installations seems 
to be toward the use of electric.-motor or steam-turbine driven 
centrifugal pumps for circulating and condensate pumps, with 
a steam-jet or hurling-water dry-vacuum pump. The power 
which is required to operate the condenser pumps varies from 
1 to 6 per cent, of that of the main prime mover, depending 
upon the type of apparatus and lo(*,al conditions. 

616. The three main reasons why the boiler feed water 
should be heated before it is admitted to the boiler are: (1) 
The introduction of cold water — at a temperature of 60 or 70° F . — 
into the boiler is likely to strain the hot plates and the riveted 
joints, thus causing the boiler to leak. (2) By heating the 
water before it enters the boiler, a large quantity of scale-forming 
impurities may be precipitated outside of the boiler and are thus 
prevented from entering the boiler. (3) A considerable quan- 
tity of heat may be retiirned to the boiler which would otherwise be 
lost in the exhaust steam or boiler chimney gases, thereby effect- 
ing a material decrease in the quantity of fuel necessary (Sec. 
484). Apparatus of various types for heating boiler feed 
water are described in tlie sections immediately following. 

517- The three principal sources of heat for preheating the 
boiler feed water are: (1) Exhaust steam. Sec. 518. (2) Bled 

steam. (3) Flue gases. A device (H, Fig. 421) in which the 
feed water is preheated by exhaust or bled steam is called a 
feed-water heater (Sec. 518). A device in which the feed water 
is heated by the flue gases is called s^fuel economizer (Sec. 521). 
Bled steam is steam extracted from intermediate stages of a 
turbine. 

518. The heat which is utilized in heating the feed water 
by an exhaust-steam feed -water heater is, jprincipally, the 
latent heat of vaporization (Sec. 364) of the exhaust steam. 
That is, when the exhaust steam is condensed in the feed-water 
heater (Figs. 449 and 450) the latent heat of vaporization of 
the exhaust steam— about 970 B.t.u. per lb. of steam, con- 
densed — ^is given up to the feed water. The maximum tem- 
perature to which the feed water is ordinarily heated in an 
open feed-water heater is about 210° F. Therefore, if the feed 
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Vent to v«nt condenser, 



1<IG. 449. Partial section of a deaeratiiiK, fiH'd-wjiter li(‘at(‘r providi^d with watei 
storage space. (Cochrane Corji.) 
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water is supplit^d to tho hoat(*r at, say, 50° F. and is heated by 
it to 210° F.j eaeli pound of fetnl wat.er absorbs: (210 — 50) == 
160 B.tu. in passing through th(^ lu^ater. Consequently: 
(970 160) = approxinutivhj 6 lb. of [’(‘ed water will have its 

temperature raiscH.l from 50° 1<\ to 210° F. by each pound of 
exhaust steam whit‘ii is (a>ud(‘ns(Hl. The weight of exhaust 
steam required to luuit the I’chhI wat(H* to this temperature is 
only from about 9 to 14 per (*,ent. of the steam generated by 
the boiler. In liiglnpn^ssure plants closed feed-water heaters 
are used to heat tlu^ watca* in some cases as high as 400°. 
Under these circumstan(‘es fc^al-water luaiting is done in from 
three to four stag(\s. For nou-(‘.on(l(msing })rinie movers part 
of the exhaust steam from th(‘ <mgiue or turbine and the boiler- 
feed pump may be us<al I’or f(HHi~wat.er heating. If the prime 
mover is operated (‘.ondensing, the exhaust steam for feed- 
water heating is usiuilly su{)i)li(xl by steam-driven auxiliaries 
such as the boiler-ft‘ed pumps (S('c. 512) and the condenser 
pumps (Sec. 515). Wlum the prime mover is a condensing 
turbine and plant auxiliari(‘s an^ motor driven, steam is bled 
from intermediate stage's of l.lu^ t-urbine for feed heating. 

519. The three principal classifications of feed-water 
heaters are: (1) Opc//. healers, Fig, 449, wherein the exhaust 
steam mixes with t.lu^ (*,old h^xl water. (2) Closed heaters, 
wherein the exhaust st,('am a,nd the cold feed water are sepa- 
rated by the walls of mc'tal tubes. (3) Contact-type closed 
heaters, wherein the wat.('r and steam mix under pressure. 
A deaerating heater may b(^ considered as a fourth type, but 
it is similar to an opc'ii heater exc,ept as to the method of 
venting. The operation of a heaxter of each type is briefly 
explained below. ()p(m fecnl- water heaters should be used 
when possible becxuisc^ they are more efficient, can be designed 
to remove air, and are more easily cleaned than are closed 
heaters. liowover, a closed heater must be used under the 
following condition: When the steam pressure within the heater 
is much above or below atmospheric. 

Explaistation.— “Openition of the deaerating feed-water heater shown 
in Fig. 449 is as follows: Wiiter flows through a valve controlled by the 
float B and enters the lieater through thc! distri})ution header A, from 
which it sprays upward through incoming steam. It is heated almost 
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to steam temperature a.ncl rains down onto a stack of trough-shaped 
heating trays, over which it cas(‘ad(\s downwa.r(l in a thin film. The 
water then falls on slotted air-K<‘pa,ra.t ing tniys which break the water 
into drops as it falls from one tray to tln,^ lu^xt. The heating and air- 
separating trays are in a eonipa,rtment separaitnl from the heater shell 
From just below the air s(T>a, rating trays, a (‘.onnection is taken off to a 
vent condenser pla,e.ed at the top of tlu!; heat.e:r. Non-condensable gas 
and some steam pass out through, tliis e.onnee.tiou to the vent condenser, 
where the steam is condensed and the air is vented off to the atmosphere. 
Condensate from tlie vent (jondenser ll<,)ws back to the heater above the 
air-separ at ing t r ay s . 

Steam enters the lu^ater at C, flows to the l.op of the heater, and then 
flows downward through a p<n'fora.l.(ul st-eam distributer to mix with the 
sprayed and eas(^a,ding wattvr. n(^at.(‘d wat.er flows through a sealed 
pipe to the storage space at the bottom of tlu^ la^ater and is delivered from 
the bottom outlet, D, to the feed-pump suellon. 

Explanation of the closed heater (Fig. 450) is as follows: Feedwater 
to be heated enters the heater at A. and flows through a bank of tubes to 
the rear water box where its flow is revea-sed -so that it flows through 
another hank of tubes to the front water box. This water cycle is 
repeated so the water passes through four banks of tubes in the steam 
space of the heater. 

Steam enters the heater at B and fills tlie spa,t;e surrounding the tubes. 
Water flowing in the tubes eondcaises tlie si.ea,m and in so doing is heated 
to within a few degrees of the temperataircj corresponding to the steam 
pressure. Steam condensate is removed at C. 

520. The saving in fuel which is effected by a feed-water 
heater may be computed by the following formula: 

(345) H - -32) (decimal) 

Wherein: X = the proportion of fuel whicdi is saved by using 
a feed-water heater, expressed as a dticiinal. ^ the tem- 
perature of the feed water, in degrees Fahrenheit, leaving the 
feed-water heater. Ti = the temperature of the feed water, 
in degrees Fahrenheit, entering the heater. H = the total 
heat above 32° F. in the steam, in Britisli thermal units per 
pound, which is generated in the boiler; this value may be 
taken from a steam table. The saving in fuel as obtained 
by the above formula is, for an exhaust-steam feed-water 
heater, practically all a net gain. A feed-water heater will 
prove economical in all steam power plants (except, possibly, 
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where fuel is extremely cheap) and will much more than 
justify its cost. 

Example. — The temperature of the feed water which is being supplied 
to a boiler is 60° E. The boiler generates dry saturated steam at a pres- 
sure of 150 114, por sq. in. gage. What will be the saving in fuel if a 
feed-water heater is installed which heats the feed water to a tempera- 
ture of 210° F.? Solution. — From the steam table (Table 394), the 
total heat of 1 lb. of dry saturated steam at a pressure of 150 lb. per sq. in. 
gage — 1,195 B.t.u, By For. (345) the saving, X == {Ti — !fb)/[H — 
_ 32)] - (210 - 60) ^ [1,195 ~ (60 - 32)] = 150 -f- 1,167 = 0.128 
or 12.8 per cent. 

521. Multi-stage Feed Heating. — Considerable improve- 
ment in thermal economy may be obtained by heating the feed 
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Fia. 451. — Turbines arranged for one-, two-, and three-stage water heating. 


water in several stages instead of one. This is usually accom- 
plished by exhausting steam from one, two, or three stages of 
the turbine and using it in closed or open heaters through 
which the feed water passes in series. This is called regenera- 
tive heating and can be used to heat, not only feed water, but 
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also water for manufacturing process. The increase in power 
developed from the steam used for regenerative heating of 
feed water is shown by the (‘omparisoii of one-, two-, and 
three-stage feed heating illustrated in Fig. 451. Data for 
these cycles are given in Table 522. * 

Note. — If the temperature of a quantity of water is to be raised from 
60 to 160® F., it is common to use exhaust stc^a-m at 20 lb. per sq. in. abs. 
With a suitable heater it would ])e possible to hc^a.t (lie water with 
atmospheric exhaust and prodiu^e more i)ow(‘r. l^y running at 7 lb. per 
sq. in. abs. exhaust pressure, a.])out 43 per eemt. more power could be 
developed, which is about the limit with omi stage of lieating. The 
second method, Fig, 451, shows two stages of h(‘atiug in which half the 
steam does work in the turbine to 7 11). abs. and t he-, other half down to 
2 lb. abs. pressure. The power prodiuaul by (Jk^ turbine will be about 
67 per cent, greater than is prodiKaal by a,ii (‘cpially efheient turbine 
exhausting against a 20 lb. abs. baxdc pr(\ssur(\ la tlie third a,rrangoment 
three stages of feed heating increasetl the out put of powen* 73 per cent. 
In all three cases initial steam pressuni is 150 lb., no superheat, the 
quantity of water heated is 500 g.p.m. and turhim^ etlh^icmcy is taken at 
60 per cent. 


622. Turbine Output with One-, Two- and Three-stage 
Water Heating. 
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623. An economizer coiLsistw of a. number of plain or finned 
tubes through wiiich fcn^d waUu’ (*ireulai(\s before entering the 
boiler. The tiilx^s are pla<‘ed in tlu^ fiiie-gas path Just after it 
leaves the boiku'. Most eeonomizcu's employ steel tubes, 
which may be cut Iku’ l>eiit or st raight. In bent-tube types the 
tubes are rolled into lop and bottom drums much as in a two- 


Feed’ wafer FfueGcrs 

.Outlet ^xft 



drum bent-tube boiler. Straight tube economizers may be 
arranged as in Fig. 452 with return bends at each end of the 
tube. Each bank of tubes is connected into a common inlet 
header at tlie bottom and an outlet header at the top. When 
the products of combustion — the flue gas — leave the boiler, 
they are orditiarily at a temperature of from 450 to 700° F. 
By passing the flue gas over the tubes of an economizer the 
gas temperature may be reduced to between 225 to 440° F. 
This reduction in temperature is caused by a portion of the 
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heat in the flue gas being transferred to the feed water in the 
economizer. The average temperature of the feed water 
entering the economizer varies in different installations from 
about 200 to 300® F.; that at the exit varies from 250 to 
500® F., depending upon the amount of surface in the econo- 
mizer. In some installations sufficient economizer surface is 
installed to cause the water in the economizer to steam. 
Twenty per cent, of the total steam may be generated in the 
economizer. Thus it is evident that the use of a fuel econo- 
mizer results in the saving of a portion of tlie heat ordinarily 
lost in the flue gas. Economizers are usually connected in 
series with exhaust- or bled-steam feed- water heaters. The 
feed water is first heated in the feed-water heater, after which 
it is passed through the economizer wherein its temperature 
is still further increased. 

524. The theoretical saving in fuel, obtained by using 
an economizer, may be computed by using For. 345, Sec, 520, 
and substituting for Ti and 2 ^ 2 , respectively, the entering and 
leaving temperatures of the water in degrees Fahrenheit. 
For every 10 to 11® F. increase in feed-wuiter temperature 
obtained by decreasing flue-gas temp(u-abure, there results 
an increase of about 1 per cent, in boiler efficiency. For a 
given boiler surface the economizer will increase steam- 
generating capacity, or for a required evaporation an econo- 
mizer will decrease the necessary boiler surface. Economizer 
surface costs less than boiler surface; hence the tendency in 
high-pressure boilers is to decrease boiler surface to a minimum 
and install large economizers. For equal increments in 
efficiency the economizer is more costly than an air preheater; 
hence its installation is difficult to Justify on an economic basis 
for plants operating at pressures less than about 400 lb. pres- 
sure. The actual saving effected by the economizer will be 
less than the value obtained from For. 345 because of the 
power required to drive induced-draft fans needed to carry of 
the flue gas. Because of the additional friction offered by the 
economizer and the decrease in total draft available from a 
chimney due to the lower flue gas temperature, it is practically 
impossible to operate on natural draft when an economizer is 
used and an induced-draft fan becomes a necessity. 
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626. Air preheaters, as do the economizer, save heat that 
would otherwise be lost up the chimney. They are placed in 
the flue-gas path after the economizer, if one is used; otherwise, 
after the boiler. The flue gas is used to heat the air required to 
support combustion, Rouglily, for every 35 to 40° F. drop in 
flue gas teinp('nitin‘<' caused by heating the air for combustion, 
there is a gain of 1 per cauit. in efficiency. In addition pre- 
heated air improves combustion conditions. But, as with the 


Gas outlet 



economizer, air preheaters require installation of induced- 
draft fans, and in addition forced-draft fans are also required. 
Air preheaters usually heat the air to not above about 350° F. 
when the boiler is stoker fired. When pulverized coal is used 
the air temperatures may be higher. Flue-gas temperature 
must not be reduced below the dew point to avoid serious 
corrosion difficulties. There are three types of air preheaters : 
plate, tubular and regenerative. Figure 453 shows a tubular 
type which consists of a large number of tubes rolled into 
top and bottom tube sheets. The tube bank is housed in a 
suitable casing. The gas flows through the tubes, and the air 
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around them. Figun; 454 .sliow.s a pla(c-(.ypc preheater which 
consists of a number of steel plains jihued parallel to each 
other - and with narrow spaces bid ween them. Air flows 
through alternate spaces and gas flows through the inter- 
mediate spaces. The rngeiua-ative jireht^ater is arranged so 
that iron plates forming a rotor are altcu-nakdy heated by the 
flue gas and then cooled by air which is thm-eby heated. 



626. A superheater {S, Fig. 425 and Fig. 430) is a device 
consisting of some sort of piping arrangcmient, which is exposed 
to hot furnace gas, and through which the steam passes after it 
leaves the boiler. The suporheal.er may be located in 
the boiler furnace or between the boiler tubes or between the 
flrst and second pass. In either case the steam is superheated 
(bee. 356) as it passes through the superheater. The highest 
total temperature of the superheated steam has ' not 
exceeded 1 000° F. The use of superheated steam generally 
increases the economy of the plant, particularly medium 
and large-capacity plants. The principal reasons for this are 
tnat with superheated steam: (1) The steam rate (Sec. 507) oj 
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'the prime mover is reduced. (2) There is less heat loss both in 
the piping and ivithin the prime mover. 

ISfoTB. — T ub stkam rate ob a steam phtmb mover is decreased 
by soterheatinc the steam, hub tlie {l<i{U‘(‘a,sc is not, ordinarily, so 
great for a steam iurhim^ as it is for a. steam, engine. The decrease in 
the steam rat(^ is, for a sti^am engiiu^ a,hout 1 per cent, for every 6'' F. 
of superheat, and for a stream turbine tihout I per cent, for every 10° F. 
of superheat. lint, sim^e the steam i’af,(!i is not necessarily indicative of 
the overall econoiny (8<uu 529) of the pla,nt, the actual monetary saving 
which is effected by usiTig sup('rh(‘n.(,ed stc^ani must be determined for 
every installation. The a,(‘(ua.l sa,viiig depends upon so many variable 
factors that no gtmeral ruh^ (^ov(u*ing it can be given. Ifowever, in 
general, the use of sup(u-heat(Hl st(‘a,m will, for la.rge installations, result 
in a consideral)lc sa.ving a,s (‘ompa,nHl to th(^ use of saturated steam. 
Superheating saves fiu^l by minimi/ang the condensation of the steam in 
the piping and the hea,t engines. Condensed steam represents, in general, 
a iion-recov<irahle heat loss and furthermore it causes friction losses in 
the piping and heat engines. 

527. Artificial draft apparatus is any apparatus for increas- 
ing the amount of air for cajinbustion which flows through the 
furnace above tluit which is prodiuied by the chimney. If 
chimneys were all built sufficiently large and high, artificial 
draft would never b(^ iKaxled. Howevxu’, the building of sufii- 
ciently-large ehinuu'ys would 
frequently entail a prohiljitive 

intial cost. C o n s e ({ u e n 1 1 y, ' 

some sort of artificial draft i ^ 

apparatus (Sec. 528) will prob- '' j 

ably prove econoinieal under 

the following conditions. (1) Fio. 455. — steam-jet forced draft. 
When the temperature of the 

chimney gases is low, as when an economizer and air preheater are 
used. (2) When the boilers are to be worked greatly in excess of 
their normal rating. (3) When fuels which require intense draft 
pressure are used. (4) When certain hinds of stokers, such as 
the underfeed, are used. (5) Where balanced draft (Sec. 528) is 
desired. Practically all artificial draft is used in conjunction 
with the natural draft i)rovidod by the chimney. 

628. The apparatus used in the production of artificial draft 
is, usually, either: (1) A steam jet, wherein the draft pressure is 
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produced by a jet of live steam issuing from an orifice. (2) A 
fan or blower. The fan or blower is usually driven by an 
electric motor or a steam turbine. When artificial draft is 
produced by a fan or blower it is called mechanical draft. 
There are three kinds of artificial draft: (1) Forced draft, 



Figs. 455 and 457, wherein the ash pit is made tight, and the 
blower supplies air to it at a pressure above atmospheric. 
(2) Induced draft (Fig. 458) wherein the apparatus draws 
the furnace gas from the furnace outlet and forces it up the 
chimney. Thus, with induced draft the pressure within the 



Fig. 458. — Mechanical induced draft, 

furnace is ordinarily below atmospheric. (3) Balanced draft, 
which is a combination of forced and induced draft, which is 
ordinarily so arranged that the pressure within the furnace is 
automatically maintained at practically atmospheric or just 
a little below atmospheric. 
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Note.-”The advantacmss Am > disadvantages of the three kinds 

OF AETIFICIAL DRAFT whicli ar(‘ lueiitioiKMl above may he briefly stated 
as follows: (1) ITf/// forcrd draft, Ui(‘ low pnvssuro within the furnace 
tends to prevent idle leakajre (Sec. of cold air inward through the 

setting. However, this pn^.ssure within tln^ furnacai may force some of 
the furnace ga,s out through (ht‘ fire doors or ot her openings and thus 
contaminate the air of tlu^ boihu* room with ( hc^ pungent furnace gas. 
(2) With induced draft, a.ny ttmdmicy for t,hc^ leakagii of air into the fur- 
nace through cracks in th(‘ sidling is augimmted, hc(‘,ause the pressure 
within the fiirnaci^ is l<‘ss tlian that of t ln^ air on tlie outside. But this 
reduced pressure within the furnma^ t.mids to prevent the furnace gas 
from escai)ing int.o ih{‘ holier room. (3) }]''ith balanced draft, there is 
neither a tendency for t h<^ air to l<\n,k through the boiler setting nor for 
the furnace gas to escape into tlu‘ boih'r room. The lire is not affected 
by opening the furiuua^ doors for fixing the fire. Vexy finely-divided 
fuel can be burned. High rates of <*ombustk>ii can be realized without 
any appreciable detriment, t-o the economy. Bxilanced draft, however, 
ordinarily requires both forc(‘d- and induced-(lra,ft fans. 


529. There axe several methods of expressing the overall 
efficiency of an entire steam power plant, among which are: 
(1) The number of pou/ulfi of fuel required per unit of energy 
output. This incjthod of ('xprisssiiig the efficiency is, unless 
the heat content of tlu^ fiud is known, rather indefinite. (2) 
The quantity of heat energy, in British thermal units (in the 
fuel), which is reqiiircd to produce one unit of energy output. (3) 
The percentage ratio of the energy output to the heat input in 
the fuel. In each of tlie above methods of expressing the effi- 
ciency, the energy output may be measured in kilowatt-hours 
at the generator terminals, or in horsepower-hours measured 
either at the shaft of tlie prime mover (Sec. 507), or within 
the engine cylinder (Se<i, 504). Whatever method is used, 
there should always be imduded a statement as to- where the 
energy output was measured. The method of computing each 
of the above efficiitncies is explained in the following notes. 
The overall efficiency may be useful for comparing the opera- 
tion of two or more power plants, or for comparing the opera- 
tion of one power plant during different periods, such as the 
performance of different shifts. However, if the thermal 
efficiency of a plant is,, say 10 per cent, the question immedi- 
ately arises as to what happened to the other 90 per cent, of the 
heat. The destination of the other 90 per cent, may be deter- 
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mined by making a conipiete test of tlie plant, and then tabu- 
lating the results of the test into a “heat balance^' (Sec. 530). 


Note. — To determine the ovehadc EFFieiKNciY op a steam power 

PLANT IN TERMS OP THE NUMBER OF POUNDS OP FUEL REQUIRED PER Unit 
OP ENERGY OUTPUT, it is necGssiiry to woigh tlio fu(‘l consumed during a 
given period and to measure the energy output for the same period 
Then, the overall efficiency of the plant during that period may be com- 
puted by the following formula: 


(346) 


W 


e 


(l)ounds per energy unit) 


Wherein: Wt — the total weight, in po\inds, of the fuel (T)nsumed during 
the given period, e = the total energy output, in kilowatt-hours or 
in horsepower-hours, during the given peudod. Thou W = the number of 
pounds of fuel consumed per kilowatt-hour, p(U‘ bnike horsepower-hour 
or per indicated horsepower-hour, as e is oxpx-esstTl in kilowatt-hours, 
brake horsepower-hours, or indicated horsepower-hours. 

Note. — The overall bfpicuengy of a steam power plant, 

EXPRESSED IN TERMS OP THE NUMBER OF BRITISH THERMAL UNITS SUPPLIED 
AS FUEL PER UNIT OF ENERGY OUTPUT, may b(i determined by the follow- 
ing formula: 

(347) Q ~ H X W (B.t.ii. per energy unit) 

Wherein: W = the number of pounds of fuel consumed per unit of energy 
output as determined by For. (346). H — heating value, in British 
thermal units per pound, of the fuel (Sec. 452). Tlien Q = the heat, in 
British thermal units, which must be supplied as fuel to produce one 
unit of energy output in which e of For. (346) wiis expressed. Thus, Q 
may be expressed as the number of British thermal units per kilowatt- 
hour or per horsepower-hour measured either at the prime mover shaft 
(per brake horsepower-hour) or in the engine cylinder (per indicated 
horsepower-hour). 

Note. — The overall thermal efpiciengt, which is the ratio of the 
heat equivalent of the mechanical or electrical energy output to the heat 
input as fuel, may be computed as follows: 

If the energy out-put is measured in kilowatt-hours at the generator ter- 
minals j use the following formula : 

(348) Efi. = (decimal) 

Qo 

Wherein: Eg = the overall engine and generator efficiency referred to 
the kilowatts developed by the generator, expressed decimally. Qo = 
the heat in British thermal units in the fuel required to produce 1 kw.-hr. 
at the generator terminals as dtitermined by For. (347). 
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// the energy output. U meaHured in. horse poiucr-hours within the engine 
cylinder, use tiie f()lU)wiiig formula: 

•C^ 2,545 

(349) "' Q™ (decimal) 


’V\4ierein: Ea* ™ the a(4.ua,l tlu'.nual eiricieney, expressed decimally, 
referred to the iridic;it(‘tl hors(‘po\v<‘r (the (‘iiergy output is measured 
within the engine e.ylimler). Qr ™ th(^ h(*a,t in BritisJi thormal units per 
indicated horHe|)o\v(u*-hour as detcu-miiuul by For. (547). 

If the energy output is 'measured in horsepower-hours at the prime mover 
shaft, use the following formula.: 


(350) 


E/.; 


2,5-^ 

"Qu 


(decimal) 


Wherein: Ea’ = tlie ovtn'all (mgine efneieney, expressed decimally, 
referred to the brakt* horsejpowan* ((uuu'gy output measured at prime 



Fig. 459, — Grapliical r<a)r<‘wnf.u(.ion of t.ho Hteatu-powor-planfe heat balance which is 
t.ahuhited in Table 528. 

mover shaft). Qa — t.he; lunit, in British th<^rmal units per brake horse- 
power-hour, as determined by For. (347), 

Example.— In a it^st of a sl.c^ain power plant for a given period of time 
the total cmergy developed was 9,000 kw.-hr. During the same period 
27,600 lb. of coal was fired. The heating value of the coal as fired was 
12,800 B.t.ii. per lb. How many pounds of coal and what quantity of 
heat were (umsunuKl per kilowatt-hour? What was the overall engine 
and generator efficiency referred to the generator output? Solution. — 
By For. (346), the coal consumption, W ~ Wr/e = 27,600 -w 9,000 — 
3.06 Ih. per kw,-hr. By For. (347), the heat supplied in the fuel, Qa ~ 
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jj = 3.06 X 12,800 “ 39,168 B.Lu, per kw.-hr. By For. (348), the 
overall engine and generator efficiency referred to the kilowatt output of the 
generator, Eg = 3,412/Q(? = 3,412 -i- 39,168 = 0.087,1 or 8,71 per cent. 

630. The ‘‘heat balance^’ of an entire steam power plant 
consists of a qnanl-ii-ailve tabulation of values obtained by 
test and calculation of the distribution or destination of the 
heat which is contained in the fuel as fired. Table 531 shows 
an example of a heat loahuna^ of a steam power plant which 
is tabulated in accordance with the '‘A, S. M. E. Test Code, 
1915.^^ It is called a ^M)alanc.e^^ because in it the sum of all of 
the British thermal units consumed — usefully or wastefully — 


Lost As Hecff In Oases 14%-^ fdneter loss d% 
Used By Auxiliary Apparatus ^ \ Unburned Oas 

Wefer Space. , , ' - Re-amt, on ^f&Anct Soot 


^ Of Coal^,. ; 




Ashpan loss 4%' Useful iVork At Drawbar 6 Z' ''Frkfton Loss 1% 

Fro. 461. — Illustrating the doKtiiiation of the heat content of the fuel which is fired in a 
steam locomotive. 


must equal the British thermal units supplied; that is, these 
amounts must balance. The various destinations of the heat 
which was contained in tlie 1 lb. of coal of Table 531 is shown 
graphically in Fig. 459. A pictorial representation of a heat 
balance of a simple stationary plant is shown in Fig, 460, and 
that for a locomotive engine is shown in Fig. 461. By making 
a complete test of a steam power plant, and then by arranging 
the data obtained therefrom into a 'Treat-balance'^ (Table 
531), information is available whereby the operator may be 
guided in improving the overall economy of the plant by 
decreasing certain of the heat losses. 

631. Table Showing An Example of A Heat Balance Of A 
Steam Power Plant. — ^(In accordance with "A. S. M. E. 
Power Plant Test Code, 1915.") See Div. 14 for explanation 
of various items under "Boiler Losses." 
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Items 

B.t.u. Per 
Lb. Coal 
As Fired 

Ber Cent. 

1. Heat Units In CoAn 

13,500 

100.0 

2. BoiLEa Losses 



(a) Loss duo to evaporation of moisture in coal 

338 

2.5 

(&) Loss due to heat caiTiod away by stoani formed by 
. the burning of hydrogen 

270 

2.0 

(c) Loss due to heat carried away in tho di'y fluo gases . . . 

2,100 

15.6 

(d) Loss due to carbon monoxide 

G7 

0.5 

(e) Loss due to combustible in ash and refuse 

405 

3.0 

(/) Loss due to heating moisture in air 

! 27 

0.2 

(g) Loss due to unconsumed hydrogen and liydrocar- 
bons, to radiation, and unaccounted for 

257 

1.9 

(A) Heat supplied steam-driven appliances for operating 
boilers less that recovered by heating food water. . . 

13 

0.1 

( i ) ToTAti Boiler Losses ; 

3,483 

25.8 

3- Engine Consumption 

( a ) Radiation from steam pipe 

67 

0.5 

(6) Radiation from engine or turbine 

13 

0.1 

(c) Heat rejected to condenser 

7,155 

63.0 

<d) Heat withdrawn from engine receivers or turbine 
stages for other use than heating food water 

0 

0.0 

(e) Heat lost by leakage of steam piping 

95 

0,7 

(/) Heat converted into work 

2,187 

16.2 

4. Heat In Steam Supplied For Purposes Foueion to 
engine or turbine 

500 

3.7 

Totals (same as Item 1) 

. 

13,500 ' 

100.0 


QUESTIONS ON DIVISION 16 

1. What is the function of a steam power plants* Explain briefly how this function 
is performed. 

2. Name the essential parts of a steam pow(‘r plant, 

3. Describe fully the function of: (o) The boiler furn!ua>. (/>) The combustion cham- 
ber. (c) The boiler. (cZ) The steam piping:. (<■) ^riie prime mover. 

4. Name the principal types of boiler /uimace.s. 

5. How may boilers be classified? What is a /h-e-tube boiler? ^ A water-tube boiler? 

6. Name three principal typos of firo-tube boilers. 

7. What is an externally-fired boiler? An itUerti ally- fired boilerf 

8. Name the general applications for which boilers of tho different types arc particu- 
larly well adapted. 

9. How is the efficiency of a boiler and furnace determined? 

10. Explain what is meant by a boiler horsepower. How are boilers rated by the 
manufacturers? 

11. What two kinds of prime movers are generally used in a steam power plant? 

12. Describe with sketch the operation of a simi)le D-slide- valve steam engine. 

13. Draw a typical indicator diagram and indicate thereon tho location of: (a) The 
point of cut-off. (6) The point of release, (c) Tho admission lino, ifi) The expansion 
line, (e) The exhaiust line. (/) The compres.sion line, {g) The atmospheric line. 
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14. How can the power whicii is (lov<‘lop(‘«l in the (‘ugiuc cylinder be determined? 

16. What is meant t)y indicated horne power / 

16. What are the principal applications of itteam tminncii? 

17. Name the two priucipal types of s(<‘am turhines, 

18. Explain briefly how the Inmt ('ucrj«:y in the sprain is converted into mechanical 
work by an mpw/«c turbine. By a reaction turbine. 

19. Give the formula for coiupiitiiiK the t hernial brake edlcieucy of a steam prime 
mover. 

20. How arc steam iirimc movers rated? 

21. Define steam rate. Wlum is lh<‘ watrn' rate of a prime mover indicative of its 
efficiency? 

22. Name the principal auxiliaries whi<‘.h arc* fri'qiumtly usetl in steam power plants. 
In general, what is the {>nrpose of tin* anxiliarics? 

23. What are the two priucipal types of boiler-feeding apparatus? 

24. E.vplain the oix'ration of n simnlc injertor. What, am some of the advantages and 
disadvantages of an inj<H*(,or for boih‘r-f<*etliugV 

26. What two l.yp(*s of pumps am* gimerally u.sed for boiler-feeding? Explain the 
operation of each. 

26. Why is a centrifuaal pump pri'fi'rnble t,o a piston pntnp for boiler-feeding? 

27. What is tlm fiuietiou of a. rondenseri' Explain how it performs this function. 
What is the pereentug(^ of saving in st(‘am whiidi a condenser may be expected to provide? 

28. Name t he two lu’ineipal i.\ in*K of tunidmisers. Exi>hiin briefly how each operates. 

29. Describe briefly tbe oiieration of ca(;h of the principal types of jot condensers. 

30. For what purposes ar<‘ {uitups used in conjunction with the operation of conden- 
sers? ‘W’'hafc types of pumps are g<‘nerally used for thciso puri)Oses? 

31. State three rmisons why t lu; boiler fet'd water should be heated before it is admitted 
to the boiler, 

32. What are the two principal sour(x*s of lun't which are utilized in preheating the 
boiler feed water? 

33. Explain how 1 lb. of exhaust st.eam at. atmospheric i>ressure will raise the tempera- 
ture of about {) lb. of ft'ed water from about, .50® h\ (.o 210® F. 

34. What are th<* two principal t ypes of feed-water heaters'^ Explain briefly the opera- 
tion of a feed-wat(‘r luuiter of (‘acli type. Which typ(i is preferable? Under what 
conditions must a clos(ul heal,<;r Im used? 

35. Show how t o coniimte th(> saving in fm*l which may lao ejected by a feed-water 
heater. 

36. What is ixfuel economizer? Explain its operation. 

37. Explain why tin*, actual saving which is effected by a fuel economizer is less than 
the theoretical saving. 

38. Under what conditions may the installation of a fuel economizer actually decrease 
the economy? Under what comlitions may it increa.se the economy? 

39. What is an air preheater? Name three different typos. 

40. What limits the tmni)erature to which the air may be heated and the flue gas 
cooled? 

41. What is a superheat ei'? Whore may a .superheater be located? 

42. Give the i^rincipal reasons why th(^ use of a supci'heatcr increases the economy 
of the plant. 

43. What is artificial draft? 

44. Under what corulitions may artificial di’affc prove economical? 

46. What are the two different kinds of apparatus which are used to produce artificial 
draft? Explain the moaning of the following terms: (o) Forced draft. Qf) Induced 
draft, (c) Balanced draft. 

46. State the advantages and disadvantages of forced draft, induced draft, and bal- 
anced draft. 

47. Give three methods of expressing the overall efficiency of an entire steam power 
plant. In what manner may the overall efficiency of a plant be useful? 

48. Explain how each of the three methods (Question 46) of expressing the overall 
efficiency may be determined. 
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49. What is a hect balance? ^ m • 

60. How may the heat balance be used lu increasing the overall efliciency of a power 

plant? 

PROBLEMS ON DIVISION 15 

1 If a boiler absorbs 8,000 B.t.u. for each pound of fuel lircd, what is the boiler aod 
furnace effieiouoy it a calorimeter test of the coal as fired shows that the heating value 

2 ^’DurtaE a'lolr^’test of a steam power plant r.,3r,0 Ih. of coal was consumed, which 
had’ a heating value of 13.300 B.t.u. per 11.. Duri..g the sa.ue period 55,120 lb. of dry 
saturated steam at a pressure of 1.50 Ih. per .sq. lu gage wa.s fonmal I he temperature 
S the boiler feed water was 210° K. What was the boiler, grate., and lur.iaco efficiency? 

3 During the test of Prob. 2, the double-acting simple dorliss engine was running at 
a soeed of 200 r.p.m. The average mean elTeetive pre.ssure for the head-end and crauk- 
end of the eyUnder was .59.0 lb. per sq. in. The iliaiueter of the piston 0 m, the 

Lgth of stroke was 22 in. The diameter of the pustou ro, was 2 in. What was the 

average indicated horsepower which was developed duiiug Ihe le.st. 

T Le to leakage, oondeiisatio.i, and steam consumption of the auxihanes the engine 
of Prob. 3 consumed only 94 per cent, of the steam which wius generated by the boiler m 
Prob 2 H the steam at the oiigiue throttle was dry saturated at ii pressure of 145 lb. 
per sq n. gage, and the temperature of tlie exhaust was 220° F.. what was the thcrmel 
brike efficiency if 90 per cent, of the power developed with... the engine cylinder is 

Whafwas tWeam rate per indicated horsopowei-limir of the eiigino in Prob. 3? 
6. The feed water for the power plant of Prob. 2, which was at a temperature of 70 P., 
wil heated in an open feed-water heater to 210° K. by exhaust «teaiii roni the mam 

What saving in fuel was effected by thus heating the feed watci ? 

7 What was the overall efficieney of the power plant of Prob. 2 ami 3 referred to the 
indicated horsepower expressed in pounds of coal per i.ulioatod liorsepowcr-hour, and 
in British thermal units per indicated horsepower-hour? What is llie actual thermal 

"®8“TfThe scale of the spring which was used in taking the indicator diagram of Fig. 437 
had been 50, what would have been the value of the mean olfective pleasure. 
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632. In the internal-combustion-engine power plant the fuel 
is burned within the (uigiiie cylincku’. A part of the heat 
which is thus liberatcKl within the engine cylinder is utilized 
in doing work on the piston. The products of combustion 
(Sec. 463) are tlie working medium. In the steam-engine 
power plant, the fuel is burned in a furnace. A part of the 
heat which is liberated l)y the combustion of the fuel in the 
boiler furnace is ulKilized in evaporating water to steam. 
The steam, which is the working medium, is then piped to 
the engine, whereupon a part of the heat energy in the steam is 
utilized in doing useful work. The use of an internal-combus- 
tion-engine power plant eliminates the radiation and other 
losses of the boiler and piping in a steam power plant. Conse- 
quently, the thought arises that an internal-combustion-engine 
plant should, theoretically, be the more efficient of the two. 
This is true, although, as explained in Sec. 550, the higher 
theoretical efficienc^y of the intornal-combustion-engine plant 
is not wholly due to the reason stated above. 

Note. — Thu subje<jt of inteknal-cjombustion-engine power 
PLANTS IS TREATED IN THIS DIVISION IN THE FOLLOWING ORDER*. 
( 1 ) Fuels used. ( 2 ) Methods of mixing fuel with the air for comhustion. 
( 3 ) Methods of ignition. ( 4 ) Methods of governing. ( 5 ) Explanation of 
the operation of a iwo-strohe and a four-stroke cycle engine. ( 6 ) Classifica- 
tion of internal combustion engines according to compression pressure. 
( 7 ) Description of various types of engines. ( 8 ) Testing and efficiencies. 
( 9 ) Costs and ratings. 

633. An Internal-combustion Engine is an engine wherein 
the combustion of the fuel (Sec. 461) occurs within the cylinder 
of the engine. Air required for combustion (Sec. 464) may be 
mixed with the fuel before admission to the cylinder (Sec. 537), 
or the mixing may be effected within the cylinder (Sec. 538). 
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An amount of air in excess of that theoretically required for 
combustion is always necessary. 


Explanation-. — The mixture of fuel and air is ignited within the 
engine cylinder, usualb'^ after it has l)een compressed into a small volume 
at high pressure. Upon ignition, combustion ordinarily occurs with such 
rapidity that it may be considered an explosion. Thus, a large amount 
of energy is almost instantaneously transformed from chemical energy 
to heat energy. The heat energy whi(‘.h is liberated thereby, raises the 
temperature and pressure of the gaseous prodxic.ts of combustion. These 
gases, then being at an extremely high tempeniturc, exert high pressure 
on the piston head. This pressure on tlie pisi.on, which is connected to 
the crank shaft through the coimectinig rod, causes the crankshaft to 
rotate. By suitable gears, belts, or other i.ra.nsmission devices, this 
rotation of the crankshaft may be utili^icd to drive lujuilunery, and so do 
useful work. Thus, hy means of the internal-comb ustion engine, the 
chemical energy of the fuel is transformed into heat energy, which is utilized 
in doing useful work. 

534. The different kinds of fuels used in internal -combus- 
tion engines are: (1) Gaseous fuel, either natural gas or some 
kind of artificial gas such as producer gas, blast-furnace gas, or 
illuminating gas. Inasmuch as the artificial gases usually 
originate from a solid fuel (Sec. 448) the statement may be 
made, if considered in the broadest sense, that solid fuel may 
be used for operating internal-combustion engines. An engine 
using pulverized coal as fuel has been developcid, but a solid 
fuel must ordinarily be reduced to the gaseous state before it 
can be effectively utilized in an internal-combustion engine. 
(2) Liquid fuel, such as gasoline, kerosene, or fuel oil. What- 
ever kind of fuel (Div. 13) is used, the principles involved (see 
Sec. 533) in transforming the chemical energy of the fuel to 
heat energy, and then utilizing the heat energy in doing useful 
work, are essentially the same. However, the details of design 
of the engine, as shown hereinafter, are, in a measure, deter- 
mined by the kind of fuel that is to bo used. 

535. Before Combustion Of A Fuel Can Occurs The Fuel 
Must Be Mixed With Air. — To mix the fuel with air for effec- 
tive utilization in an internal-combustion engine, the fuel must 
first be in a gaseous state, or in a state of finely divided liquid. 
If there is too much air — lean mixture- — or if there is insuffi- 
cient air — rich mixture — the efficiency of the engine will be 
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decreased. The best proportions of air to fiKd must be deter- 
mined by experiment for each individual case. In any event; 
the quantity of air required is grc'ater than that (Sec. 472) 
theoretically necessary for (Hjinbustion. Various methods of 


gasifying the fuels (Se(‘.. 536) 
and miking with air aredes(u-il)ed 
in the following sections. 

636. Mixing of air with a 
gaseous fuel siudi as natural gas 
or artificial gas is a v(uy simple 
matter. The air and the gas, in 
the proper p r o } ) o r t ions, ar(^ 
merely admitted (Fig. 4G2) to 
the cylinder, C, throiigli the in- 
let valve, V. While passing thr 
ing is effected. One method ol 
described below. 



Fro. 4()2. — Showing method of mixing 
fuel and air in a gas engine. 


ough the valve, F, the mix- 
obtaining artificial gas is 


Note. — An updraft suction producer-gas power plant is illus- 
trated in Fig. 463. The coal is fcul into (,h(i top of the generator, G. Air 
which was heated in the prelieatta*, P, enters the generator at its bottom. 
When this air corues in (urutartt with the lower part of the fuel bed, carbon 
dioxide (Sec. 465) is formed. The bnimiag of the coal to carbon dioxide 
supplies sufficient lu^at to keep the pror^ess going. As the carbon dioxide 
rises through the fuel bed it is reduced to carbon monoxide, which is, 
ordinarily, the principal f;ombu.stible (‘onstitiieut of producer gas. Some 
times water is admitt.cxl to tlu^ genera, tor, which, when contacting with 
the carbon at temperatures above 1,600'’ ,F. forms hydrogen gas and 
carbon monoxide (HaO -f- C == Ho + CO). T’his water, supplied in the 
form of steam, also tends to prevent clinkoriiig. The gases formed in 
the generator, (?, pass into the preheater, P. They give up a part of their 
heat in preheating the air whi(6i is supplied to G. 

From the preheater, the gases pass through the boiler, P, where the 
steam admitted to the gcuierator is formed. From P, they are piped to 
the scrubber, aS', which contains wot coke. As the gases pass through the 
sembber, the dust, ammonia, and tarry volatile substances are removed. 
A storage tank or rcumiviir, R, receives the gases as they come from the 
scrubber. The puriiose of the receiver, P, is to prevent a sudden rush of 
gas through the apparatus when the gas engine, P, is sucking a charge, and 
a sudden halting of the gas flow after the admission valve is closed. The 
producer gas is drawn from R into the engine, P, there mixed with air, 
and burned. The heat thus given up drives the engine (Sec. 533). The 
burned gases are exhausted into the atmosphere through the engine 
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Sec. 537] 


exhaust. A heat-balance chart for a produccr-gas power plant is shown 
in Fig. 464. 

637. Mixing Of Air With A Light-liquid Fuel, Such As Gaso- 
line Or Kerosene, Is Usually Effected By A Carburetor (Figs. 
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Fig. 464. — Heat-bainnee cliaRram of a l.ypioul producer-gas power plant. The 
percentage values are given in tenu.s of the total heat energy liberated by the combus- 
tion of 1 lb. of coal. 


To Engine Cy tinder.. 


465 and 466). — A simplified gasoline carburetor for a portable 
engine is shown in Fig. 465. It consists of a bowl, D, in which 
the gasoline is maintained at 
a constant level by t\, float feed- 
valve. This float feed-valve 
consists of a cork ring, A, which 
operates the valve, B, threiugh 
the levers, C. From bowl, D, 
wherein the gasoline level is 
thus maintained practically 
constant, the gasoline flows 
through a small nozzle, G, 
around a needle valve stem. 

By varying the opening of this 
needle valve, the quantity of 
gasoline flowing through it may 
be varied. The needle-valve opening in the nozzle, G, is 
placed in a restricted passage in the air inlet, I. 

Explanation*. — During the admission or auction stroke of the piston, 
an air charge is drawn through this restricted passage where it attains a 
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Fig. 465. — A simple gasoline carburetor. 
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high velocity. The high velocity of the air through this restricted 
passageway results in a pressure at the needle-valve opening which is 
below the atmospheric pressure over the gasoline in D. Consequently, a 
fine spray of gasoline flows from the needle- valve opening and mixes 
with the air. The gasoline, in the form of vapor and finely divided liquid, 
F, mixes with the air and is carried into the cylinder through H, To 




Fig. 466. — Dual Stroniberp; carburetor of a type uHcd in niriilane engines. 


further assist in vaporization, the air passage is soincstinuvg surrounded by 
a chamber, E, through which hot water from the radiator or hot gas from 
the exhaust manifold is circulated. The auxiliary air inlet, J , is provided 
to vary the ratio of gasoline to air in the mixture at different engine speeds 
by mixing fresh air with the stream, F, of air and gasoline vapor. In a 
kerosene carburetor, the liquid in bowl, />, and the air are usually warmed 
by the hot gas from the exhaust. 
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538. The mixing of air with a heavy -liquid fuel, frequently 
called fuel oil is iisiuilly ctfectod within the engine cylinder. 
Usually, on the suction stroke of an oil-burning engine (Sec. 
550) only pure air is drawn into 
the cylinder. Then at the pro|)er 
instant during the comi)r(\ssion 
stroke, the fuel oil is sprayed 
into the cylinder through a 
properly designed fuel valve (Fig. 

467) which is usually mounted in. 
the cylinder head; see Fig. 482. 

The fuel valve is provided witli a 
device called an atomizer (B, Fig. 

467), the function of which is to 
break up the liquid fuel into small 
droplets so that intimate contact 
(Sec. 535) between tlui fuel and 
air will be lorovided. If idie oil 
charge is separated into many 
minute particles, a greater surfa(*.e 

area of oil is presented to the air. .. . . .y-- 

This results in rapid combustion. \A;. 

The operation of a fuel valve of rgeyiinder 

the closed type is described in the Fki- 407. — Simple fuel-iiijeetion valve 
note below. lUgh-presaure oil engine. 

Note. — The basic principle of a fuel injection valve for high- 
pressure OIL-BURNING ENGINES IS illustrated in Fig. 467. Fuel oil and 
air are pumped under higli pressure (about 900 lb. per sq. in.) into the 
valve through channels A. and (7, respectively. At the ’proper instant 
during the cycle, the luxjdle valve, D, is lifted from its valve seat by means 
of a cam-actuated rexiker. The high-pressure air carrying the oil charge 
with its rushes through th<‘. atiomizcr, B, and into the cylinder. The 
atomizer which is shown in Fig. 407 (jonsists of three perforated discs. As 
the oil is forced through tlie tortuous passages in the atomizer discs, it is 
broken up into fine droplets, in which condition it is carried into the 
cylinder. Scare*, ely any two oil-engine manufacturers follow the same 
design in the fuel valve. Flowever, practically all employ some such 
principle as that described above. 

639. Ignition of fuel in internal-cdmbustion engines using 
gasoline as fuel is effected by; (1) An electric spark (Figs. 468 
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and 469) which is caused to jump across the terminals of a 
spark plug (Fig. 469) in the cylinder end, or which is caused 
by the breaking of a circuit between two contractors or 
‘‘electrodes wliich are located within the engine cylinder. 
(2) Hot hall or hot hvlh (Fig, 470). In the hot-ball method of 
ignition, there is a l')all-shape<:l chamber in the head end of the 
cylinder which is not water-jacketed. In starting the engine 
the hall is heated to almost a red lieat by a blow-torch. The 
fuel valve directs the cliarge of fuel against this hot metal 
surface, whereupon ignition o(*.curs.‘ Then after the engine 



Fig. 470. — Illuatratiug the hot-bnll xnethod of ignition for low-pressure oil-burning 
internal-combustion engines. 

is started, the ball is maintained at a rod heat by the heat of 
the combustion- This method of ignition has become 
obsolete and engines of this type are no longer built. (3) 
Com'pression. In the compression method of ignition the 
pure air which is drawn into the cylinder on the suction 
stroke (Sec. 55.0) is, at the end of the compression stroke, at 
such a high temperature that it ignites the fuel charge as 
soon as the fuel is admitted to the cylinder. 

Note. — Appeications.^ — -In general, the electric spark is used for ignit- 
ing the fuel in gas, gasoline, and kerosene engines; the hot-ball method for 
low- and medium-pressure (Sec. 549) oil engines; and the compression 
method for medium- and high-pressure oil engines. 

540. The three general methods of governing internal- 
combustion engines are: (1) The hit-and-miss method. (2) 
Quantitative or constant-quality governing. (3) Qualitative or 
constant-quantity governing. The hit-and-miss method is, 
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from the standpoint of fuel economy, tlic most economical of 
the three methods. Ho woven*, it is practieuil only for small 
engines where close speed regulalion is not required. Some 
internal-combustion engines of the modern types employ a 
combination of the quantitative and qualitative methods of 
governing whicli is relatively sinqde and which provides a 
regulation, from no load to full load, of a})out 2 or 3 per cent. 
Each of these methods is briefly described in the notes below. 

Note. — The hit-and-miss method of ooverning internal-com- 
BXJSTioN ENGINES coiisists ill Cixusing tho engine to f nil to take in a charge 
of fuel as long as the speed is too high. Tliis is aecuiniplished by having 
the governor so connected tliat as long as tlui spec^d is too high the inlet 
valve is held closed. In sonic engines, \vhik‘ the inlet valve is held closed 
the exhaust valve is held open and in other engines both the inlet and 
exhaust valves are held closed during the miss cycle. This method of 
governing is economical because tlie ratio of air to fuel in the mixture 
is constantly maintained at the most desirahle value and a ‘TulP^ charge 
of mixture is admitted whenever the fuel valve is open during a suction 
stroke (Sec. 543)*. However, in a four-stroko-cycle engine (Sec. 540), if 
the engine fails to take in a fuel cliargc it must make tliree more strokes 
before it has the opportunity to take in another fuel charge. In the 
meantime, the speed may have droj^pc^d tf )0 low. Relatively large fly- 
wheels are required for engines which employ this method of governing. 
The hit-and-miss method of governing is used for small gas and gasoline 
engines where close speed regulation is unimportant as, for example, for 
engines for pump and concrcte-mixcr drives. 

Note, — In the quantitative method of governing, the quantity 
of the charge is varied but the ratio of air and find in each cliarge remains 
constant. This method of governing may be effected by throttling, 
or by cutting off 'the fuel supply before the end of the siKd.ion stroke. 
Cut-off governing is not much used because of the complexity of the 
valve gear which is required. The objection to cpiantitative governing 
is that, as the load decreases, less mixture is drawn int.o the cylinder per 
cycle and the compression, pressure ‘decreases. Consequently, at light 
loads the efficiency is materially less than at full load. The quantitative 
method of governing is used for gas and gasoline engines in those services 
where very close speed regulation is required and where heavy flywheels 
would be objectionable — as, for example, in engines whi(‘.h drive alter- 
nating-current generators in parallel operation, and in automobile-truck, 
tractor, and large marine engines. Quantitative control is also employed 
where engines must be governed '' (by hand) to run at various speeds, 
as in automobiles, aeroplanes, and motor boats. 

Note. — The qualitative method of governing consists of vary- 
ing the quality of the mixture — ^ratio of fuel to air in the charge—while 
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the quantity of the charge reniaiiiw ncjirly constant. The objection to 
this jcnethod of governing is that a,t, light loads the ratio of the fuel to the 
air is so small that sonu^tiines t.he fiuil may fail to ignite. Then; the fuel 
in the charge which did not fire is wasl<;d through the exhaust. Also 
a 'Veak'’ mixture l)urns very slowly, giving very little pressure on the 
beginning of the cxi)ansi()n strokes and, in extreme cases, the fuel is not all 
burned even at tlie end of tln^ st-roke. Tlui qualitative method of govern- 
ing, in improved form, is used for practically all oil engines — low-pressure, 
semi-Diesel, and Diesel. 



Fig. 471. — Longitvidinal section, of Be.s.somer two-strolce-cycle gas engine. 


541. Internal-combustion engines may be classified accord- 
ing to the number of strokes per cycle as: (1) Two-stroke- 
cycle engine, Fig. 471, sometimes called two cycle — wherein a 
complete cycle of events occurs for each two strokes of the 
piston. (2) Four-stroke-cycle engine (Fig. 472) — sometimes 
called four cycle — wherein a complete cycle of events occurs 
for each four strokes of the engine. Engines of each of these 
types are used. Each gives good results in the service (Sec. 
544) for which it is suitable. The cycles of events for engines 
of each type are described in the following sections. 
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Note. — Practicably Ai.l Internal-comb u«tion Engines Must Be 
Started From Some Outside Soifrc’e Of FowER.—The power for 
starting large engint^s is gonerjilly provided l)y (‘.onipressed air. Small 
engines are usually started by an elcotrio motor driven from storage 
batteries. 



Fia. 472. — Cross-section of Chicago Pncunmiic Diosel engine. 

542. A two-stroke-cycle internal-combustion engine is 
illustrated in Fig. 471. Engines of t his type have no inlet or 
exhaust valves. The gases are admitted and exhausted 
through ports in the cylinder which are covercid and uncovered 
at the proper time during the piston travel. Some two- 
stroke-cycle engines are made with two ports, and some are 
made with three ports. The operation of a single-cylinder 
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two-port, two-stroke-cycle gasoline engine is explained below, 
barge engines have more than one cylinder. 

Explanation. — Figure 473 represents a piston, A, within the cylinder, 
of a two-port, two-cycle gasoline engine. The piston is connected 



I-Be^innlng Crankcase E-BeOjln ni ng Crankcase 

Suction Stroke Compression Stroke 



Compression Stroke Or Work Stroke 

Fig. 473.— -lUiistrating: the operation of a two-port, two-stroke-cycle gasoline engine. 

to a crank, Z>, by means of a connecting rod, C, so that continuous rota- 
tion of the crank imparts a reciprocating motion to the piston. Or con- 
versely, a reciprocating motion of the piston will cause a rotating motion 
of the shaft. 
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Assume that the piston is in tin*, position sfiown in Fig. 473-/ and that 
crank, D, is rotated, in tlie tlirection in(li<‘.at(Hi by the arrow, by some out- 
side source of power (Sec. 541). This c.ausc^s (tie pist.on to move upward 
to the position shown at J I, This upward inovuniKuit of the piston— 
which is called the crankcase suction stroke— incYciii-ics t.ho volume of the 
gases in the crank case, thereby <lccreasirig the pnsssure within the crank- 
case below that of the atmosphere. (k)nse(}u(‘n(,ly, the atmospheric 
pressure on the outside of the crankiuiso ctuises air to cm ter the crankcase 
through the carhuretor, G. 

As the air passes through the carbured-or (See,. 537) it picks up and 
vaporizes a quantity of fuel which is mixed with a, ml ca,rriod into the 
crankcase by the air. As the crank is ro(.a,t(jd furtlnu- by the outside 
source of power, the piston, is moved downward to the position shown at 
HI. This downward movememt of the pist.on — w]ii<*li is called the 
crankcase com,pression stroke — compriwses I, he a,ir-a.nd-fuel mixture which 
is in the crankcase so that its pr(‘ssure is sound, hing above that of the 
atmosphere. A check valve (not shown in illustrat.ion) prevents the fuel 
charge from being forced out through the ca.rburetor. 

Therefore, when the inlet port (A", .Fig. 473-///) is uncovered by the 
downward movement of the piston, the air-and-fmd mixture, being 
at a higher pressure than the gast^s in the cylinder, pa,ss(^s tliroiigh E 
into the cylinder. As the fuel ciluirgc^ — (hat air-aml-fuel mixture- 
passes into the cylinder, it is dcflc^duid' upward toward tlio top of the 
cylinder by the baffle, /. This prevemts, to a hirgc extern t, the escape of 
the fuel charge through the exhaust port, 1% wliicJi at this time is also 
uncovered and open to the atmosphere. 

Further rotation, of the crank moves (.ho pis(,on upward (,c> the position 
shown in IV. This upward movement of th(.‘. pist.on — whiedi is called the 
cylinder compression stroke — covers the ports E and F and compresses the 
fuel into the small clearance volume a,t t.ll(^ top of the cylinder. At 
the same time that the piston moves upward on (.lie (^vlimhu- compression 
stroke, another fuel charge is drawn into the c.ylinder in the same manner 
as it was in the crardccase suction stroke exph-iimul above. While tlie fuel 
is compressed in the upper part of the cylinder (Fig. 473-/ F), an electric 
“spark” or arc is made to jump between tlie (de(du-od(vs or “points” of 
the spark plug. Sec Sec. 539 on ignitdon. This igniti's tlie fuel. 

After ignition, combustion of the fuel occurs so rapidly tliatitmaybe 
termed an explosion. The chemical energy whiidi is liberated as heat by 
the combustion raises the temperature and iiressure of the products of 
combustion, thereby exerting a great downward foriHi on the piston. 
The downward force on the piston causes it to move downward. The 
downward movement of the piston which is caused by the pressure of the 
heated products of combustion is called the work stroke. This downward 
motion of the piston is, through the connecting rod and the crank, 
transmitted to the shaft and causes it to rotate. Thus, the chemical 
energy of the fuel is transformed into heat energy which is in turn trans- 
formed into mechanical work of rotating the engine shaft. 
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During tliis work stroke tlie fuel charge which was drawn into the 
crankcase during the (cylinder compression stroke is compressed in 
the crankcase. About tlie time tluj piston completes the work stroke the 
exhaust port, F (Fig. 473-/ //), is uncovered and the burned gases begin 
to pass out through it to tlu^ ai.inosphere. A little later in the work 
stroke the inlet port, E, is uncovered and the fuel charge which is com- 
pressed in the cra,nkca,se pass<^s into the cylinder aird expels the remain- 
der of the burned gases. This expulsion of the burned gases is called 

The fuel charge whicli lias just passed into the cylinder is compressed 
on the next upward stroke of the piston.' The work which is required 
for this second cylinder cawnprc'ssion sl-rokc is done by the energy which 
was stored in the flywhe<4 during the first work stroke. From this point 
on, the cycle of operations is (‘.ontinually repeated, each event of the cycle 
occurring as dcscrilxMl above. However, after the engine is running on 
its own power, the work stroke' and the crankcase compression stroke 
occur simultaneously; also, tJie (cylinder compression stroke and the 
crankcase suction stroke occ.ur simultaneously. 

543. Operation of a four-stroke-cycle internal-combustion 
engine is explained bedow. For the purpose of explaining the 
operation only one cylinder is shown. However, four- 
stroke-cycle engines are frequently made with more than 
one cylinder. 

Explanation. — Figure 474 represents a piston, P, within the cylinder, 
G, of a four-strokc-cycle gas engine. The piston is connected to a 
crank, C, by means of the connecting rod, Ry so that continuous rotation 
of the crank imparts a reciprocating motion to the piston. Or conversely, 
a reciprocating motion of the piston will cause a rotating motion of the 
crank. The inlet valve, A, and the exhaust valve, E, are controlled 
through the cams and push rods by gears, Y and X. Gears Y and X 
are driven by a third gear, T, which is mounted on the crankshaft. The 
, ratio of the number of teeth in gears X and Y to the number on T is 
2:1. Consequently, for each revolution of T, gears X and Y make 3^ of 
a revolution. 

Assume that the piston, P, and the gears, X and F, are in the positions 
as shown in Fig. 474, and that the crank, C, is rotated by an outside 
source of power (see note under Sec. 541) in the direction indicated by 
the arrow. The piston moves downward. The increase in the cylinder 
volume above the piston decreases the pressure therein and causes a 
charge of fuel-and-air-mixturc to be drawn into the cylinder through the 
inlet valve, A. This downward movement of the piston is called the 
suction stroke or admission stroke. By the time the suction stroke is com- 
pleted (Fig. 475), the inlet valve is closed. 
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Further rotation of the crank bv the 
piston to move to the top of tlio! ovlin(i(“r 

the charge, wluch is entrapped tiierein info (lie ii “““Pressing 
at the top of the eylirulor. Thi« is "a t l o “^“"ance volume 

the piston is in this position, i,..: Wen 

by an electric “spark” or -iro is ignited (Pig 47 ^^ 

«poi T„t.;;;;"7.orr “■•2 

e Ignition, and is so raxiid that it may be t(‘rin('fi •» follows 

heat of combustion raises the tiunperature and The 
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Fio 474.— Four-stroke-eyolo Ras oneino. 

(Beginning of admission stroke.) 



D/recf/cn Of 

f of iff /on Of 

Cnrn/cshcrff 






Fia. 47B.— Foiir-stroke-cyclo gas engine. 
(UtWiinniK of Corupreaaion stroke.) 


exerted on the piston head by tho hiirli 

downward (Fig. 476 ) This i« ooi V I,' 't to move 

movement of the piston durh.rH- 

motion to the crankshaft. ^ stroke imparts a rotating 

within the eng^n?oXTeTTn?tho\o^ transformed into heat energy 
of rotating the shafl At tL Lmnwt ‘ry “ mto work 

gear, X, opens the exhaust vnlvrk^ w work stroke, the cam on 

moves the piston upward thul l'n^^ I'otation of the shaft 

through F and the exLustmanifln /^ ”'!^,^^^ 

stroke. At the completion of thr^ ^ 1 called the exhaust 

ompietion of the exhaust stroke, valve B closes. 
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Further rotation of the siiaft moves the pistoxi downward on the suction 
stroke of the next cycle. A four-stroke cycle may be said to begin with 
the suction stroke and to end witli the exhaust stroke. The work which 
is required to perform thci exhaust stroke of one cycle and the suction 
and compression strokes of the su(;ceeding cycle is, in a single-cylinder 
four-stroke-cycle engine, done by the energy which was stored in the 
flywheel as kinetic energy during tlie previous work stroke. Thus, in 


.-Wafer 




'''Tfmma Gears'"' 
Bafio /;2 


Fig. 476. — Four-stroke-cyclc ga.s en- 
gine. (Fuel and air, having been com- 
pressed, are ignited by electric spark, 
beginning the first downward or work 
stroke of the cycle.) 


Fia. 477. — Four-stroke-cycle gas en- 
gine. (Work which was begun in Fig. 
476 is completed when piston reaches 
bottom of stroke. Exhaust valve has 
opened and piston is traveling upward, 
beginning the first upward or exhaust 
stroke of the cycle.) 


starting the engine, the outside source of power which is used to rotate 
the crank shaft may be removed after the first explosion occurs. 

644. Internal-combustion Engines May Be Designed To 
Operate On Either The Four-stroke Or Two-stroke Cycle. — 

Indicator diagrams from low-pressure gas engines operating 
on the two- and the four-stroke-cycle are shown in Figs. 478 
and 479. From a comparison of these two indicator diagrams, 



530 


PHACTU^AL II PAT 


[Drv. 16 


it might be thought that an ongiiui which operat(\s on the two- 
stroke cycle would bo prehn'abh^ to one (^pcn-atiiig on the four- 
stroke cycle, because for the same luimlxn* of revolutions the 
two-stroke cycle engine .would givci twicer as many explosions 
as would the four-stroke <*ycle engint^, and lumce would appear 
to develop twice tlui power. Howc^veu*, for the same size 
cylinder .and the same numlxn* of n'volut.ions per minute a 
two-stroke-cycle engine deva^lops only from 1.3 to 1.7 times 
the power of a four-stroke cyc^h^ (mgiiun This is partially due 
to imperfect scjivengiug of tlu^ burned gasc^s in the two-stroke- 
cycle engine and to a slight lyss of fmd whicdi escapes with 
the burned gases during scavenging. The simplicity and low 
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•t 5 >- • - 
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Fig. 478 . — Cylinder indicator diagram 

of a two-stroke-cycle gas engine. 
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Pia. 470. — Iruiicator diagram of 
four-Htroke-cych^ giiH engine. 


maintenance cost of twm-stroke-(‘y(*le engines very often, 
especially for small-capacity installations, make tliese engines 
more desirable than four-stroko-cych^ engines. Two-stroke- 
cycle engines are also used bee* aviso tluir weight per horsepower 
is considerably less than the weights of four-stroke-cycle 
engines of equal power. For this reason tliey are widely used 
as marine engines. 


Note. — Two-stroke-cyoeb engines ahk EMPnoYED where small 
weight, small space and low first cost are mon^ important factors than 
maximum operating efficiency. They arci frciquently, thoiigli not always, 
used in motor boats, farm service, and in. the oil fields. 

Note. — Fotjr-stroee-cycle engines are EMPLOyEi> where maximum 
efficiency i-s of greater importance than wciglit, space occupied, and 
first cost. Thus, they are generally, though not always, used for auto- 
mobiles, aeroplanes, tractors, and electrki-central station prime 
movers. 
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546. Internal-combustion engines may be classijaed accord- 
ing to the compression pressure (Table 545) as follows: (1) 
Low pressure, (2) Medium pressure. (3) High pressure. 
Those low-pressure engines (Table 545) which use gas and light 
liquid fuels such as gasoline, kerosene, and al(‘ohol, are very 
similar in operation to the mediuin-pr(\ssurc engines using the 
same fuels. The prin(*lpal difference is in the compression 
pressures. In the low-, medium-, and high-pressure engines 
which use fuel oil, there is a dilfercuKHi in the pressures, the 
method of ignition, and in the cycle on which the engine 
operates, ordinarily the Otto (yclc or I)ic\sel cycle (Secs. 
422 and 424). Engines of eacdi of tluvse ty|)(\s an^ described 
in the following sections. 

Note. — The ooMPREsstoN phessuhe of an internal-combustion 
ENGINE is the pressure (Sec. 5) whi(di ih(^ fiu^l ehargo cx(R*ts on the piston 
just before ignition occurs. It is usually measured in pounds per square 
inch. 

Note. — It is mechanicalijY possible to build intkrnai^combustion 
ENGINES in nearly any combination of Pie following arrangements: (1) 
Two-stroke or four-stroke cycle. (2) Sinylv- or luuUi-cylinder. (3) Single- 
or double-acting. (4) Horizontal^ vertical or inclined. (5) Simple or 
compound. 

547. Low-pressure internal-combustion engines which use 
gas or light liquid fuels usually (nn|)ioy sonic form of mixing 
valve (Sec. 536) or carburetor (Bctl 537) for mixing the fuel 
and air. The mixture of air and find is drawn into the engine 
on the suction stroke and is comprcssiul on the compression 
stroke. At the beginning of tlie (annpix'ssion stroke the 
volume of the fuel and air is equal to tlie piston displacement 
plus the clearance volume. At tluj (nul of the (*.ompression 
stroke the volume of the fuel and air is ecpial to the clearance 
volume. Consequently, the prc'ssure a.nd tiunpcn-ature of the 
charge depend, among other things, u])<)n the size of the 
clearance volume as comjiared witli the piston disi)lacement. 
If the compression pressure were carried too high, the tem- 
perature would rise sufficiently to ignite the charge before 
the end of the compression stroke. For this reason, those 
internal-combustion engines which compress the fuel must 
operate at low or medium pressures (Table 545) of from about 
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45 to 190 lb. per sq. in., gage. At the end of the compression 
stroke the fuel charge is ignited, usually, by an. electric spark 
(Sec. 536). Gasoline and kt^-osene engines are particularly 
well adapted for small and inedinin-(*a]>acity portable installa- 
tions. Gas engines are frequently used in those localities 
where the fuel is cheap. 

548. In low-pressure oil engines (Fig. 480) the kerosene 
or fuel oil is sprayed onto tlie ve.porizcn- (see also Fig. 470)’ 
or hot plate O by tlio find piiinp, F, immediately after the com- 



Fiq. 480.-™Meitz; and Wcibb low-compreBsioxi, two-stroke-cycle oil engine. 


pletion of the exhaust stroke. During the compression stroke 
the oil is vaporized and forced into the hot ball, G, and finally 
ignited. The maximum compression pressure is about 
50 lb. per sq. in. gage. The operation of the engine shown in 
Fig. 480 is similar to that described in Sec. 547. Low-pres- 
sure oil engines are well adapted for low-capacity installations 
where it is desired to use a cheap fuel. They are simple in 
construction, very reliable, and require but little attention. 
Consequently the first cost and operating costs are low. 

549. The Hesselman Oil Engine Is A Medium-pressure 
Engine (Fig. 481).— In this engine a maximum compression 
pressure of 135 lb. per sq. in. gage occurs near the end of the 
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air, which is drawn into the c^ngino tiirough the air inlet 
valve, during the siudion strokes, is compressed to about 
500 lb. per sq. in. gage at the end of the compression stroke. 
The temperature of the fresh-air charge at the end of the 
compression stroke is about 1,000^^ F. At about the end of the 
compression stroke, the fuel is injected into the combustion 
space through an atomizing nozzle at 4,000 to 6,000 lb. per 
sq. in. pressure. Upon contact of the atomized fuel oil with 
the high-temperature fresh air, ignition occurs, and the com- 
bustion continues until the fu(d supply is cut off. Engines 



!Fia, 483. — Cutaway of a Bo«ch fuol-iujection pump. 


burning very heavy oil use air at 700 to 900 lb. pressure to 
inject the fuel. Relatively few air-injection engines are being 
built today. Governing is offeci?ed by regulating the amount 
of fuel injected. Diesel engines are tlie most efficient heat 
engines (Table 554) which have so far been developed. 
They are heavy and require a heavy foundation. They are 
particularly well adapted for medium- and high-capacity 
installations in those locations which justify the use of a liquid 
fuel. Diesel engines are being extonsivedy used in the marine 
service where the available engine space and fuel-storage 
space is a minimum. Modern Dic^scd-cuiginc governing pro- 
vides speed regulation which is sufficiently close that they may 
be used to drive alternators which are connected in parallel. 
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More recently they arc being used in locomotives pulling 
high-speed trains, and in truelcs and buses. 

651. Practically all internal-combustion engines operate 
either on the Otto or on the Diesel cycle (Div. 12) or upon 
a modified combination of these two gas cycles. Indicator 
diagrams for engines of the various types are shown in Figs. 



Fig. 484. — Typical full-load iiidi- Fig. 486. — Typical indicator card of a 
cator card of a low-pre.-saurc four-stroke- Diesel four-cycle engine, 

cycle oil engine. 


478, 479, 484, 485, and 486. In those engines wherein the 
air and fuel are mixed before admission to the cylinder (Figs. 
478 and 479) and in the low-pressure oil engine (Fig. 484 and 
Sec. 548), combustion occurs almost instantaneously after 
ignition. Consequently, the piston movement during the 
combustion period is practically 
negligible. That is, the heat is 
added at a constant volume and 
there results a considerable rise in 
pressure above the compression 
pressure. This is one of the 
charactenstlCK of the Otto gas Btroke-oyde semi-Diosel engine, 
cycle (Sec. 422). In the Diesel 

engine (Sec. 550) combustion occurs as long as the fuel is 
being sprayed into the cylinder. Thus, in the Diesel engine, 
the rate of fuel admission is so timed with respect to the piston 
travel that heat is added (Fig. 485) at practically constant 
pressure. Usually, in the semi-Diesel engine, a part of the 
heat is added (Fig. 486) at constant volume and a part is 
added at constant pressure. Modern high-speed Diesels 
operate on the Otto cycle because the high speed requires 
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injection of fuel before top dead center and the injection 
period is extremely short. 

552. Tests of internal combustion engines arc made in a 
manner which is very similar to that of steam engines (see 
the author’s Steam-engine PRiNoteLEs And Practice) 
The brake horsepower may he df‘t(n-mined by a brake or 
electrically. The indicated horsexiower may be determined 
by the following formula: 


(351) 


PLAN 
33, GOO 


(horsepower) 


Wherein: P = the indicated ])<)rs(‘p(>w('r. L = length, in 
feet, of piston travel or stroke. A == the net area, in square 
inches, of the piston. N = numbeu* of work strokes per 
minute. P = the mean-effective })ressure, in pounds per 
square inch, as determined from the indi(*at.or card (Sec. 503). 
In determining the mean-coffee tive iirc'ssurco from the indicator 
card of a four-stroke-cycle gas engiiu^, thco arcoa bounded by 
the exhaust and suction stroke lin(‘s (h'ig. 484) represents 
negative work and must be subtracoted from the' tirea bounded 
by the compression and expansion stroke liiu's. Compare 
For. (351) with similar For. (343) for a steam engine. 

553. The theoretical thermal-efficiency of internal com- 
bustion engines is much greater t-lian that of steam engines. 
Also, as shown in Table 554, the overall thermal efficiency of 
internal combustion engines is gnaitiu- tluiii that of steam 
engines. The difference in the actual thermal efficiemdes of 
engines of these two differemt types rc^sults from the different 
pseudo cycles (Sec. 402) upon which they operate, and in the 
difference in temperatures which are attained at those points 
on the cycles which dctermiuci the thermal (dfudencies. The 
high actual thermal efficiency of an internal-combustion engine 
is due, largely, to the high pressure whidi is ati ained at the 
end of the compression stroke. See also the note below. 


Note. — The maximum possible thermal effkuency of any heat 
ENGINE operating between two givtai teinporat\ire limits would result 
if the engine operated on the Carnot cycle (Bee. 412). The thermal 
efficiency of an engine operating on the theorttlcal Carnot cycle is given 
by the expression (Ti — Ta) -i- Ti, wherein Tj. and Ta are, respectively, 
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Fid. 488. — Heat balance in Diesel- 


engine plant. 
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Fig, 489.— Plan view of j&ve-passenger four-cylinder automobile chassis showing how 
the heat units liberated by the combustion of the fuel in the engine cylinders are utilized, 
and what proportion is a( 5 tually employed in ditving the car when it is run at a rate of 
40 mi. per hr. in high gear. 
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tlie maximum and mininuini absolute t(mipeTa{.ures which are attained 
during the cycle. In a steam engineu)perat/ing at a, steam pressure of 
250 lb. per sq. in., gage, the inaxinuim temperatures is about 400° p. 
In internal-combustion engiiuss, the inaxinuim tesmperature varies from 
2,200 to 3,000° F. The nuiiiuiuni t(‘.mp(srature for an engine of either 
type operating on the Carnot cyeUs would be t.lwi atmospheric tempera- 
ture, which may be taken as 70° F. 

Assume a value of 2,500° F. as tlu^ maximum temperature which is 
attained in an internal-combustion (uigine. Then, by n'ducing tlicvj.ihi(\s 
above to absolute temperatures a.iid substituting in tlu^ above expression 
(Ti — To) Ti, the tliermal (dliclcmcy of the int(u*nal-combustion engine 
would be: [(2,500 + 460) - (70 4- 460)] (2,500 + 460) = 0.82, or 

about 82 pc?' cent, and that of the stea,m engine would be; [(400 4- 460) - 
(70 + 460)] (400 4- 460) = 330 -r- 860 = 0.383, or a, bout 38 per cent 

However, because of theondical and pnuvticat (umsiderat ions, such high 
thermal efficiencies are nev<u* realizixl. The h(‘ai. bahince diagrams of 
Figs. 487, 488 and 489 show the percimtage of th(‘ lieat energy of the fuel 
which is transformed into work by int(u*nal-conibu.stiori engines of various 
types, and also the percentages of the heat which is lost through various 
channels. 


564. Table Of Heat Consumption and Thermal Efficiencies 
Of Different Types of Prime Movers At Continuous Full Load. 


Type of px'ime mover 

I [(‘a t c.ou- 
suiux>t ion per 
b.hjx.-hr. in 
iht.u. 

Overall 

thermal 

efficiencies 

Non-condensing steam engine 

Condensing engine using supeidieated 

40,000-28,000 

6.3- 9.1 

steam 

28,000 16,500 

9.1-16.4 

Steam turbine, superheated sti^am, 200 to 



2,000 hp 

24,000 15,500 

10.6-16.2 

Steam turbine, superheated steam, 2,000 

to 10,000 hp 

Steam turbine, superheated steam, 50,000 

15,500-11 .000 

16.2-23.1 

bp 

11,000- 9,000 

23 . 1-28 

Producer-gas engine, suction producer , . 

14,000 41 ,200 

18.1-22.7 

Gas engine without producer 

10,400- 9,300 

24.4-27.5 

Diesel engine 

8,000- 7,200 

32.0-36.3 

Steam-mercury vapor plant 

7,000 

36.3 
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Noth. — The thekmae biiake efficiency of an internal combustion 
engine (Table 654), expressed as a decimal, may be obtained by the 
following formula: 


(352) Thermal brake eff. 


2,545 X {Brake hoi'sepower developed) 
'No. of icnit aicaa-S. 7 Heat value, in\ 

ur(\s oj fuel con- jXl B.t.u. of a unit | 
jnmied per hr. / \measure of fuel/ 


For liquid and solid fuels, the unit measure is usually the pound. For 
gaseous fuels, the unit of measure is usually the cubic foot at a tempera- 
ture of 62° F. and at a pressure of 30 in. of mercury. 

jExample. — In a test of a certain Diesel engine, 492 b.hp. was devel- 
oped. The rate of fuel eonsumpi.ion during the act was 221 lb. per hr. 
The heating value of this fuel oil was 19,100 B.t.u. per lb. What was the 
thermal brake elFicieney? Solitjhon. — ^Substituting in For. (352), the 
thermal brake efficiency = (2,545 X 492) (221 X 19,100) = 0.296, or 

29.6 per cent. 


556. Internal-combustion-engine Cylinders Must Be 
Cooled. — If fcjome method of cooling were not provided, the 
high temperatures which (^xist 
within the engine cylinders (Sec. 

553) would render the engine in- 
operative in a very short time. 

Internal-combustion engines are 
usually either watercooled (Fig. 

490) or air cooled (Fig. 491). In 
a water-cooled engine, the water 
is circulated through cooling 
chambers (Figs. 480, 481, and 482) 
which surround the cylinder. In 
some of the large-capacity engines. 



I’ation (Sec. 300) in flowing over the 
HCroen. 


Fig. 490. — Gas engine provided 
with small pump and cooling tower for 
circulating and cooling the cooling- 
the cylinder head, the valves, and water. The water is cooled by evapo- 

the piston are also water cooled. 

The water, after being heated 
in the cooling-water jackets, is usually cooled by some 
external means such as a tank, hopper, cooling tower, or 
a radiator. In some instances, the heat which is* transmitted 
to the cooling water is utilized for warming buildings or 
for doing mechanical work. The cooling-water circulation 
in large-capacity engines is usually provided by a small 
centrifugal pump (Fig. 490), whereas in small-capacity 
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engines the cooling water is circulated by convection 
137). In air-cooled engines (Fig 491 ) +i,„ ^ 

vided with fim, over wh£l, tUo Uli,,, ; ; 

666 . Th. t 

tombuphod e-gtads i., „„lc^ 



. ffaaoiiiio (‘Ughic: 

»k™ todi^STv n "" “!> “ ‘k- 

from 5 to 1 f? nev ®"gines are so rated that a load of 

speed will cause^Thc ^ the rated horsepower at the rated 
a wui cause them to stall. Consequently, they have 
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practically no ^ overload <^apaeity. (2) For a variable-speed 
Otto-cycle engine — aiii.omotive or marine — the maximum brake 
horsepower which the engine will develop at the shaft. (3) 
For a Diesel-cycle engine — Diesel or semi-Diesel — the brake 
horsepower at which the engine operates at its maximum 
efficiency. By increasing the period of fuel injection in a 
Diesel engine it can be made to develop more power than that 
for which it is rated, although such operation will be at a 
decreased efficiency and increased maintenance cost. Some 
internal combustion engines may, by their manufacturers, 
be given a horsepower rating which is higher or lower than 
the brake horsepowen* which tlic machine will actually deliver 
at its shaft. Consequently, the purchaser should insist on a 
guarantee from the manufacturer. In general, then, internal 
combustion engines have little or no overload capacity above 
the outputs for whicii they are rated, whereas steam engines 
(Sec. 508) usually have considerable overload capacity above 
their ratings. 

Note. — The brake horsepower which an internal combustion 
ENGINE WILL DELIVER AT THE SHAFT Huiy bc yeiy closcly approximated 
by the following formula: 

(353) Pii = ~ 

Wherein: Pb = tlic brake horsejiower which the engine delivers at the 
engine shaft, d = diametm-; in inches, of the cylinder. L = piston 
stroke, in inches. N — revolutions per minute, kz = number of work- 
ing cylinder ends. Thus, in a 2-c,ylindor double-acting engine^ kz ~ 
2X2=4. hi and /c 2 ai’c constants which vary with the type of engine 
and the fuel used. Following arc values of ki and k% for use in the 
above formula for engines of different types using various fuels. (1) For 
an engine using producer gas, ki = 18,500; k 2 = 2. (2) For engines 

using natural gas, ki = 15,200; Ei = 0.5. (3) For single-acting, vertical 

or horizontal engines using illuminating gas, ki = 15,700; k 2 == 2. (4) For 

double-acting horizontal engines using blast-furnace gas, ki = 21,000; 
kz =0.5. (5) For single-acting horizontal or vertical engines using gasoline; 

ki = 16,400; kz ~ 0.5. (6) For single-acting horizontal or vertical engines 

using oil or distillate; ki == 21,875; kz — 0.75. For. (353) and values of 
ki and kz which are given above are from XJlbricht and Torrance, 
American Practice In The Rating Of Internal Combustion Engines.” 
The above For. (353) is for stationary, four-stroke-cycle engines which 
operate on the Otto cycle. Therefore, it should not be applied to Diesel 
and semi-Diesel engines, nor to two-stroke-cycle engines. 
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QUESTIONS ON DIVISION 16 

1. Explain the succeswive steps of converting the cliemical energy of a fuel into 
mechanical work in an internai-conihustion-engine iiower plant. In a steam power 
plant. 

2. What is an internal-combustion engine? 

3. Name the different kinds of fuels wliich may be utilir-ed in an internal-combustion 
engine. 

4. Explain how the air for combustion is generally mixed with a gaseous fuel. 

6. Describe the operation of a prodiicer-giis power plant. 

6. How is air generally mixed with a light-liipiid fuel? With a heavy-liquid fuel? 

7. Name and explain three different methods which are employed for igniting tiie 
fuel in internal-combustion engines. 

8. Explain three methods of internal-combuHtiou-engino governing. 

9. Explain, with diagrams, the cycle of operations for a two-stroke-cycle engine. For 
a four-stroke-cycle engine. What are some of the advantages and disadvantages of 
each? 

10. What is meant by “ compreswsion pressure”? 

11. Explain the operation of a low-pressure internal-combustion engine using a light- 
liquid or a gaseous fuel. Of a low-pressure oil engine. 

12. Explain the operation of a Diesel engine. Of a Heasidman engine. 

13. Upon what two modified cycles do nearly all modern internal-combustion engines 
operate? 

14. How may an internal-combustion engine bo tested? 

16. What are some of the causes for the difference between the tliermal efficiency of 
a steam engine and that of an internal-combustion engine? 

16. How may the thermal brake efficieney of an internal-combustion engine be 
obtained? 

17. Why must the cylinders of an internal-combustion engine be cooled? Explain 
the different inethods of cooling which are employed. 

18. Upon what basis are internal-combustion engines of different types rated? 

PROBLEMS ON DIVISION 16 

1. A number of indicator cards were taken during the test of a four-stroke-cycle 
Diesel engine from each of the 4 cylinders. The average of the mean effective pressures 
as determined from the indicator cards was 100 lb. per sq. in. The length of the stroke 
was 2 ft. and the diameter of the piston was 10 in. During the test the engine was run- 
ning at 200 r.p.m. What was the total indicated horsepower of the engine during this 
teat? * 

2. During a brake test of a producer-gas engine, it developed 140 b.hp. During the 
test, the rate of fuel consumption was 16,400 *cu. ft. per hr. The heating value of the 
fuel was 128 B.t.u. per cu. ft. What was the thermal brake (dficiency during the test? 

3. What is the approximate brake horsepower which will he developed by a single- 
acting, single-cylinder gasoline engine which has a 7K-in. diameter cylinder and a 12-m. 
stroke when operating at 300 r.p.m.? 
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667. Artificial heating of building interiors is necessary 

in certain climates. In the torrid zones closed buildings are 
nob standpoint of bodily warmth^ necessary. But in 

the temperate and arctic zones, buildings of some sort or other 
are essential to protect the inhabitants from the low tempera- 
tures. Provision must be made for warming the interiors of 
these buildings. 

668. Climatic conditions determine largely the refine- 
ment and size of the heating system which is required for 
any given building. If the winter season is short and mild, 
a simple inexpensive plant which emits but a relatively small 
amount of heat will suffice for a certain building. But, where 
winters are severe, and where strong winds prevail during the 
cold season, not only must the buildiug be more carefully con- 
structed so that the heat loss from it will be a reasonable 
minimum, but also the interior-heating plant must be more 
elaborate. 

Note. — Location And Charactee Of Occupancy Must Be Con- 
sidered In Planning A Heating System. — I f a building is on a high 
hill without protection from the wind, more heat must be expended 
to maintain its interior at a comfortable temperature than if it is pro- 
tected from the wind. Other buildings in the immediate neighborhood 
and many adjacent trees may constitute such protection. Because of 
the prevailing winds in winter, more heat is required (in the Northern 
Hemisphere) for rooms on the north side of a building than for those on 
the south side. A building used for office purposes, wherein the occu- 
pants expend but little physical effort, must, for comfort, be kept at a 
higher temperature than must a structure which is used for manufactur- 
ing and in which the occupants continually exert themselves physically. 
The customary temperatures for buildings of different kinds are given in 
Table 559. 
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§59. Table Showing Inside Temperatures Usually Assumed 
In Building “heating Calculations. — 



space 

Tempera- 
ture, deg. 
Pahr. 


Residences. . - 

70 to 72 

68 to 72 

65 

60 

70 to 72 

65 to 68 

68 to 70 

72 to 75 

55 to 65 

78 

110 

120 


Lecture rooms and auditoriums 


Factories for light work 


Factories for heavy work 

Q 

fx] 

Offices and schools 


Stores 


Prisons 

W 

Bathrooms 


Gymnasiums 


i Hot houses 


Steam baths 


Warm-air baths : 




Cellars and closed rooms 

32 

32 

P 

Vestibules frequently opened to the outside 

<} 

Attics under a roof with sheathing paper and metal 
or slate covering 

25 

m 

w 

p 

Attics under a roof with sheathing paper and tile 
covering 

32 


Attics under a roof with composition covering 

i 

40 


560. The Burning Of Fuels Constitutes The Most Important 
Source Of Building Heating. — Any of available fuels 
(see Div. 13) may be emi.)loycd for warming buildings. 
Which fuel is the most suitable for a givcni condition is usually 
determined by the locality and is largcdy a question of econo- 
mics. A portion of the fuel which is used for lieating; when 
it is burned, combines with oxygen as (^xidninod in Div. 14 
and thereby liberates heat. The fuel may either be: (1) 
Burned within the building (Fig. 492) that is to be heated. 
(2) Burned in a structure exterior (Fig. 493) to the heated 
building. 
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^ .PJ2_^WhKK FllMb IS BUltNI01> WmilK THE lUlIEDINXJ, (iitiicr il, st.OVO, 
fiwnlac'o Iiot-nir funKW^-, or slcnin or Iiot,-wa,t(o' boiler (hoc following 
? fwimiHl nniy be oiuploy.Hl. Winn., t,bc fuel i« burned outside 
buildbig, eil.hor bol.-wal.cr, sb-am, or electric transmission of the 
heat to the building, is usually adopteil. 



661. When water power is used for building heating 
(Fig. 494), wiitorwhcoLs or ttirbincK, which drive electric 
generators, convert the mccliuiiical energy of the falling. 


TTe 01 t e o ( ~ ^ i 1 



water into electrical energy, Then, the electrical ener^ 
is transmitted over wires to the building, and t erein i 
converted into heat energy; see Sec. 30. 
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Note^—Thbke Abe Ox.iek Soui«.'e.s Ob Hevi- T.\,„ w 
man. Thus m a building wlims niaoluunry is in om.r 
loss m the bearings (Sec. 578) and oil, or (dcxhial r"/ 
losses arc converted into lioat energy. This lieaV I e I ' . “*“lianical 

tion, and convection, raises the teznperature of i h/y ^ conduc- 

cial-lighting devices burning in a room heat it- 
heating. Human beings in a room at n fori '‘.^ 4 ' electric 

heat at the following rates: Adulte at rest *380 t**''^ 4 ^n “® 

Adults .won. dSO to 800 B.t.u. per ^llurarvXt^- - i 


-■ <S2//3^ /ey/rA' 
^--Pct/7s/ocAr 


y-'/ijJjAah? £/ecfrA: P/anf 


Builcdngl 


—Turbo-A/farncti-Qr 

Cenereyfor 

-'-Wcfter JVbee/ 


FMcfr/c^^ 

Pec/f^s,X 


ipy^.4 


to 2000 B.t.u, per hr. Children 240 li i- 

per hr. A general figure of 400 B.t u per hr^^nL-^^ ^rifants, 65 B.t.u. 
frequently used in heating calculations. ' ^ ^^<‘eupant is, however, 

radiation, conduction, and convectio^ 

cussed in Div. 5, Tbaksfkr Op HnA^’ Us.'. , II * 

heat .8 transferred by each of those three “df^' 

y, 

peraiu^e is equivalent to tl^.lmlwitofh^at tl f 

from the room during that Ume intervh 7 “ !f 

convection. conduction, or 

perature of 70°^P.*^L^d*thT hn.rtVsTf'*" “ *■* “ *™' 

16,000 B.t.u. per hr., then if heat i« « outside is 

at the rate of 16,000 B t u ner hr interior of the room 

constant temperature ofVo® H maintained at a 
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/6,C00 0,f.u P&r 
; Hr. QuppUzA 
V To Room 




■Temp&ratum. ^ 
Rzmotins >; 

Cpnsto/nf ^ 

At TO^r. ^ 


664. The procedure in designing a heating installation 
for any given room or building is then, as logically follows 
from the statement of Sec^. 563, to: (1) Determine, in the man- 
ner to he indicated, the heat loss per hour from the space to he 
warmed. (2) Select and proportion the heat-supplying equip- 
ment so that it will supply the same amount of heat per hour as 
that (determined above) 
which is lost. The moth- 

od will be illiustratcd in | d |" 

examples whic^h follow. 

566. Heat is lost from I 

a building in one or more -'-yytncioyy g ! 

of three different ways: (m?%%p/l^f i 

(1) By conduction through \^Room . g 

walls, ceilings, floors, and C' • A ; / . . i 

. 7 /In ^ 7 7 i \\\ i/.. -Warm-Air RzgbUr U 

windows. (2) By leakage m - - ■ --- P-L 

or infiltration of air 

through cracks aroimd [ i | —J^CX 

doors and windxrws, thro ugh U-^ 

the walls, partitions, floors, 405.-~By supi,lying heat to a room at the 

^ ^ ‘ Kamo rate aa that at which the heat is lost, the 

and through the doors and temperature within the room is maintained 

window areas when these 

may he opened. (3) By ventilation. Each of these modes of 
heat loss is discaisscd in following sections. 

666. The factors which determine the quantity of heat 
which is lost from a building by direct conduction through 
walls, ceiling, floor, and windows, disregarding the effect of 
the exposure factor (Sec. 572), are: (1) The temperature differ- 
ence (Sec. 567) hetiveen the inside and outside of the room. (2) 
The materials and method of construction of the room; see Sec. 
568. Each will be discussed. 

567. Difference between inside and outside temperatures 
is equivalent to the thermal pressure (see Sec. 116) whereby 
the heat is caused to flow from the inside to the outside of the 


\ • T / f R<z>gbf<zr 

II f}!. 


Fr.«. 405. — By .supplying heat to a room at the 
Kamo rate aK that at which the heat is lost, the 
tomporaturc within the room is maintained 


Each of these modes of 


room. The solution of all building-heating problems must 
start with the assumption, of definite values (see note following) 
for inside and outside air temperatures. In reality, the heat 
loss from any room of a building can be determined by apply- 
ing the principles of heat transfer which are explained in Div. 5, 
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And actually it is these principles which are applied. But 
in practice, it has (as will be shown) been found much more 
convenient and quite as accurate to ut iliz.e (^cu*tain empirical 
constants rather than to (uideavor to follow rigidly the precise 
theoretical processes which are explained in Div. 5. 

Note.— The temi»bratitre 3)ieeEUENCES ohdintauily assumed m 
BUILDING-HEATIN-G COMPUTATIONS liavc^ Ix^cu fairly Wall standardized for 
different sections of the country. It is gcaun-ally assunual that the inside 
air should be maintained at th(‘. vaim^s in Table 559. In the south- 

ern zone of the United States, it is usually assumed, in designing, that 
the minimum outside temperature will he 4“10‘’ P.; in the central zone 
0° F.; and in the northern zone and Cta.nada,, — 10"^’ I<\ If local conditions 
are such that the abovc-spcMufied ttanperainre^ dilTtuxuices will not satisfy, 
then others which do sat.isfy may In’: assunuHl. 



Note. — When a partition (floor, wall, or ceiling) separates 
TWO spaces, both of wHKur ARE TO BIO HEATED t,o th(i samo tompcrature, 
no heat loss occurs through such a paa-tition.* Thus if two adjacent 
rooms are artificially warmed, thiaa^ is no lu'al. loss through the partition 
wall. Since the temperature on botli sid(':s of (he pa,rtition is the same, 
there is no thermal pressure (Sec. 110) through it. Hence, no heat 
transfer can occur. 

568. Different Materials Used In Building Constructioji 
Have Different Values Of Thermal Conductivity (See Div. 5, 
Transfeu Of Heat).— Hence, the diffmxuit materials will 
conduct the heat from the inwide of a wariu room to the out- 
side cold air at different rafew. Also, aw waw explained in 
Div. 5, the thermal conductam^o of a givim matcu’ial varies 
inversely as the thickneww of the matcurial; the thicker the 
material the less its thermal condiuttance. Tal)le 569 gives 
experimentally determined values of such (ionductances. 
These values are, as hereinafter explained, employed in For. 
(356) for determining the heat lows from a room or building. 

Note. — Heat-insulating materials are sometimes interposed 
IN WALLS AND FLOORS (Fig. 496) to minimize the heat loss. Or for 
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the same reason, a wall iua,y (‘onstriictod of hollow tile or hollow brick 
which providers dead air spa(H\s. 


569. Table of heat-transfer coefficients of building materials 
in British thoriual luiiis triinsniittecl hy conduction per square 
foot per hour per (h'grec^ Fahrcnlunt temperature difference 
between inside and outside of building. 


Materials and (‘.ormtructiou K (For. 356) 

8-in. brick wall with 3240. plaster on inside., 0.4 

12-in, brick wall with 3'2du. pbister on inside. . 0.31 

16-in. brick wall with 3 ' 2 “’hi. plasUu* on insiden . 0.26 

20-in. brick wall with 32--in. plaster on inside. . 0.23 

8-in. biick wall, plaster on wood lath 0.30 

12-m. brick wall, plaster on wood lath 0.23 

16-in. brick wall, j)Iaster on wood lath 0.20 

Stonewall, use 1.5 time brick-wall valines. 

Windows, single glass 1.13 

Windows, double glass 0.45 

Skylight, single glass 1.1 

Skylight, double glass 0.7 

Wooden door, 1 in. thick 0.69 

Wooden door, 2 in. thick 0.45 

Solid plaster i^artition, 2 in. thick 0.6 

Solid plaster partition, 3 in. thi(‘lv 0.5 

Ordinary stud partition, lath and plaster on one side. . . 0.6 

Ordinary stud partition, lath and plaster on both sides. 0.34 

Concrete floor on brick arch 0.2 

Fireproof construction as flooring 0.3 

Fireproof construction as ceiling 0.14 

Single wood floor on brick arch 0.15 

Double wood floor, plaster beneath 0.10 

Wooden beams planked over, as flooring. 0.17 

Wooden beams planked over, as ceiling. . 0.35 

Walls of the average wooden dwelling. ... 0.30 

Lath and plaster ceiling, no floor above. . 0.62 

Lath and plaster ceiling, floor above d . 25 

Steel ceilings, with floor above 0.35 

Single ^i~in. floor, no plaster beneath. ... 0.45 

Single i?4-in. floor, plaster beneath 0.26 



552 


PRACTICAL HEAT 


[Biv. 17 

570 . Factors that determine the Joss of heat from a room 
due to infiltration or leakage of outside cold air are: (1) 
Exposed wall area. (2) A7ra of openings of cracks through 
the wall, around door's and windows and the like. (3) Frequency 
tvith which the doors and windoxvs arc opened and closed and 
the length of tvrne they 7'cmain open, as for oxample when occu- 
pants pass in and out. It is infeasible^ to rc^cognize individually 
and accurately all of these variables facdurs in the engineering 
computation of heat loss. ]^lxp(‘rieiua‘ has, however, shown 
that certain coefficients (Tal)ie 571) may be applied, which will, 
under ordinary conditions, he (correct with sufficient accuracy 
for this infiltration loss. Tluvsc coeffi(vi<mts (N, Table 571) are 
based upon the ratio of cubi(*.al coni, cm ts to exposed wall and 
door and window si)ace, aJid upon the character of occupancy, 
and location of the room. 

Example. — Kef erring to Table 571, it is assumed in building-warming 
computations, that the air in the hall of an ordinary residence undergoes, 
due to infiltration, three complete changes per hour. * 

671. Table Showing Number Of Complete Air Changes 
Usually Assumed Per Hour, Due To Infiltration. 

N 

Type of room Number of air- 

changes per hour 


Kesidence : 

Halls 3 

Rooms, two sides exposed IM 

Rooms, three sides exposed 2 

Offices and stores: 

Ist-story rooms 2,0 to 3 

2nd-story' rooms 1.5 to 2 

Churches and public assembly rooms 0,75 to 3 

Large rooms with small exposure 0 . 5 to 1 


672. Heat Loss From A Room By Conduction And Infiltra- 
tion May Vary According To The Direction Of Exposure (see 
Table 573). — ^TKe heat which is lost by conduction through 
the walls of a room is given off from the wall to the outside 
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air by radiation, conduction, and convection. Now, if 
moving air is sweeping over the outside wall surface, heat 
which has been transmitted through the wall will be wiped 
off^' and carried away more rapidly than if the outside air 
which is in contact with the wall is still. Obviously then, a 
room which is on the windward side of a building will have 
greater heat loss than a similar room on the leeward side. 
Furthermore, the exposure direction affects infiltration. 
Thus, when a strong wind impinges on a certain side of a build- 
ing, more air will be forced in through the cracks and crevices 
on that side than there would be if there were no wind. Since 
the prevailing cold winds in the Northern Hemisphere come 
from a northerly direction, it is evident that a room (Table 573) 
which has a northern exposure will experience a greater heat 
loss than a like room with a southern exposure. 

Note. — The method used for comphtihg the heat loss due to 
EXPOSURE in. building-warming computations is to employ certain 
coefficients {km, Table 573), the values of which have been determined by 
practice. It is not feasible to satisfactorily compute on a purely theoreti- 
cal basis the effect of exposure. 

Note. — Intermittently heated rooms require greater heat 
input. To insure that such rooms may be heated in a reasonable time, a 
percentage is added to the computed heat losses. Intermittently heated 
rooms are given proper consideration by using the factors of Table 574. 


573. Table Of Coefficients Of Exposure. 


Direction of exposure i 

Coefficient k^ 

North, north-east, and north-west - 

1.1 to 1.2 
1.05 to 1.1 

1.0 

East or west 

South 



Example. — From Table 573, the exposure coefficient j ks, for east or 
west rooms is 1.05 to*"l.l. This means that the heat loss, by conduction 
and infiltration, for an east- or west-exposed room, will be from 5 to 
10 per cent, greater than or 1.05 to 1.1 times that for the same room if 
it had a southern exposure. 
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574. Table Of Coefficients For Intermittently Heated 
Rooms. (From Hoffman’s Handbook Fob Heating And 
Ventilating Engineeks.) 


Manner of heating 


Rooms heated only periodically 

Heat interrupted daily but rooms kept closed . 
Heat interrupted daily but rooms kept open . . 
Heat off for long periods 


Coefficient hi 


1.20 to 1.40 
1.10 
1.25 
1.50 


576. Basis Of The Determination Of The Amount Of Heat 
Lost From A Room Because Of Its Ventilation.— For each 
cubic foot of outside air wliicdi eni,(‘ns a room from any source 
whatsoever, 1 cu. ft. of the air that was in the room is forced 
outside, either by convec/tion, or in vsomc^ otiun* way. If it 
were not thus forced out, tlio air would ^'pik^ up” in the room, 
which is impossible. When th(^ tcnipx'raturc^ of the air within 
the room is higher than that of tlu‘ outside air, then the air 
which is thus forced outside caiis(\s a loss of heat from the 
room. Hence, if the temperature w'ithin the room is to be 
maintained constant, the in<‘oming air must bo warmed to 
inside room temperature. Tlu^ heating (‘C}ui[>m('nt should be 
so designed that it will effe(;t this warming. 

Note. — From Table 251 of tiie specufk; iuoats, it will, bo noted that 
it requires 0.241 B.t.u. to raise the t(Mnper.n.iiir(^ of 1 lb. of air 1° F. 
Hence, it is evident, since there ar(^ approximat ely 13.3 cti. ft, in a pound 
of air at room-warming temp(Tatur(‘s, ami pressiin’s, that it requires: 
0.241 -r- 13.3 = 0.018, or (approx i in aUdy) 0.02 Ed.ii. to raise the tem- 
perature of 1 cu. ft- of air, at room-warming tmnpiu-a, turns, 1° P. In 
room-heating computations, it is, therefore, usually assumed that the loss 
of heat due to ventilation is 0.02 B.t.u, per cu. ft. degree Fahrenheit 
difference between inside and outsidis tinnperatures. Conversely, 1 B.t.u. 
will raise the temperature of (1 -r- 0.018 — ) 55 <iu. ft. of air through 1“ F. 

Note. — The qttantity of air .requireo for ventilation fok 
residence or other buildings wherein there are but few people 
is so small that special ventilating apparatus is, usually, unnecessary. 
There should, however, always bo some ventilation in all rooms occupied 
by human beings. But, in the ordinary residence or similar room, suffi- 
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cient fresh air onterK autoinalically by infill, rafioii (Sec. 570). Therefore, 
for buildings of ihest^ i.ypes windi lows of heai as may occur due to ventila- 
tion is taken cuiro of hy tlie c,hange-of-air factor which is discussed in 
preceding Sec. 570. 

Note. — The vENTioATioisr ueqhihed eor BtriEDiNGS in which there 
maybe many people such as schools, congested offices, churches, theaters, 
and the like, is bas(‘d on. thc! fact I, hat to insure comfort, health, and 
mental activity, .1 ,800 (ui. ft. of pure air per hr, is required for each person 
in the room, ll’ema^, c()tu|>ut.a,tions for rooms in which there are many 
people, may be ma,de l>y t,he following formula, in which T = temperature 
difference, in degrees Ka,hr(.mluut, between inside and outside air. 

(354) Heat loss ‘per hr, by wntilai-ion No. persons X 1,800 X 0.02 X T 

(B.t.u.) 

Example. — Assuming that there are acoommodations for 50 students 
in a certain school room, and that 1,800 eu. ft. of air per person per hr. 
will be supplied for ventilation, what will be the loss of heat per hour 
due to ventilation in this room? Assume 70° E. temperature difference. 
Solution. — Substituting in the above For. (354), loss of heat due to 
ventilation == N wniher of persons X 1,800 X 0.02 X T = 50 X 1,800 X 
0.02 X 70 = 126,000 B.t.u, per hr. 

Note. — For. (354) may also be written, assuming a 70° F. tempera- 
ture difference : 

(355) Qa = 2,520rt (B.t.u. per hr.) 

Wherein: Qa = loss of heat, in British thermal units per hour, due to 
ventilation, n ~ numlmr of persons. 

576. The general formula for computing the total heat 
loss from any room follows (see derivation below). For 
most practical computations, Carpenter formula (Sec. 577) 
may be preferable. The following formula is included to 
illustrate the general priiu'iidcs involved: 

(356) Qr = (AaKaT + AwKwT + Ai^K^Tf + AaKcTc + 

5.02NVT)kFkj + Qa 

Wherein: Qr = heat lost, in British thermal units per hour, 
that is, the heat, in British thermal units, which must be 
supplied per hour. iTr;, Kf, Kw, and Kc = coefficients of 
heat transfer for the glass, floor, walls, and ceiling, respectively, 
in British thermal units per square foot per hour per degree 
Fahrenheit temperature diflerence, as found in Table 569. 
Ag = area of glass, in square feet. Aw ^ area of outside 
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wall (exclusive of glass), in square feet. Aj, = area of floor, 
in square feet. Ac = area of ceiling, in square feet. AT = 
assumed number of air changes per hour, as given in Table 
571. V = volume of room, in cubic feet. 7' = temperature 
difference, in degrees Fahrenheit, Ix'tween inside and outside 
of room (Sec. 567). 7T’ == temperature difference, in degrees 

Fahrenlieit, between room and space under the floor. Tq = 
temperature difference, in degrec^s Falirenheit, between room 
and space over ceiling, hjs == exposure coefficient, as found 
in Table 573. kj: = coefficient for intermittently heated rooms 
as given in Table 574. = luuit, in J^ritish thermal units 

per hour, as computed by For. (354), whicdi must be supplied 
to warm the air for ventilation. 

Derivation. — By Sec, 565, all of t,h(i heat e.se:apes from a room by 
conduction, infiltration, and ventila-tion. Or, 

(357) Qt == (Qc + Qf) + Qa (B.t.u. per hr.) 

Wherein: Qt = total heat los.s from room, in British thermal units per 
hour. Qc — heat loss, in British thermal units per hour, by conduction 
through glass, walls, floor, and ceiling. Qf = heat loss, in British 
thermal units per hour, due to infiltration of outsidcj air. Qa = heat loss, 
in British thermal units per liour, due to vcmtihit ion from For. (354), 

The rate of heat transfer by conduction through any substance of a 
given cross-sectional area and a given thi(‘.knesH is (Sec. 116) directly 
propol-tional to the temperature dilTcrcnc<i, or thermal pressure, causing 
the heat flow, and to the conductivity of the substance. Therefore, the 
total heat loss, in British thermal units per hour through a huilding-parti- 
Hon — (Area of the partition in square feet) X (Thermal conductivity of 
the partition material) X (77ie temperature difference in degrees Fahrm- 
heit). But the total heat loss, Qc, from a biiikUng by conduction is equal 
to the sum of the several losses which occur through the glass, walls, 
floor, and ceiling. Or, 

(358) Qo = (glass loss) + (wall loss) + (floor loss) + (ceiling loss) or, 
using equivalent symbols instead of words: 

(359) Qc = (AoKgT -f AwKwT + AfKfTf + AcKToTc) (B.t.u. per hr.). 

Wherein all symbols are as specified under For. (356). The temperature 
difference between the warmed room and an unheated space adjacent to 
the ceiling or floor, such as a basement or attic, is, in practice, assumed 
to be 32° F.; see also Table 559. 

From Sec. 570 and Table 571, a certain number of complete air changes 
per hour are assumed. Thus, if the assumed number of air changes per 
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hour is multiplied by th(i cul>itml tsapaeity of the room, the total number 
of cubic feet of air per hour wliu'h filterH into the room, will result. This 
air must be warmed from tiici t(!inp(u*ature of the outside air to that of 
the inside air. From See, 575, it is found that 0.02 B.t.u. will raise the 
temperature of 1 cu. ft. of air 1® F. Therefore, 

(360) Q^’ = 0.02AfF7^ (B.t.u. per hr.) 

Wherein all symbols have the same meaning as specrfied under For. (356). 

But by Sec. 570, the heat loss <lue to conduction and infiltration is in 
some cases, augmented by tiu; e.vposure or intermittent heating and the 
term (Qo + Qjp*) must be multix^licd by the coefficients, /cis, and /c/ as 
foimd in Tables 573 and 574. 

Now, if Fors. (359) and (300), witli tlui eoc^fiicients, /cjs, and /a, applied 
to them, are substituted for their (Mpiivalcnts in For. (357), For. (356) 
results. 

Example. — The living room (Fig. 497), of a residence, which is located 
in the central zone of the United States, is 24 ft. long, by 16 ft. wide by 



Fig. 497. — Computation of hc*at loss from a room. (First-story, residence living, 
room; northea.st exposure; 4 windows, 18 sq. ft. each; second-story room heated; base- 
ment unheated : ceiling and floor are wooden beams, planked over.) 

12 ft. high. The outside walls are of 12-m. furred brick. There are 
four outside windows, each having an area of 18 sq. ft. It is a two-story 
building wherein the basement is not heated. The second story is 
heated. Both the floor and ceiling are of wooden beams, planked over. 
What quantity of heat should be provided per hour for warming the 
room to 70° F. inside, when the outside air is 0° F. ? See Sec. 567. 

Solution. — Area of glasSj Aa = (4 X 18) == 72 sq. ft Area of exposed 
wall, exclusive of glass ?= (24 X 12) + (16 X 12) — 72 = 408 sq. ft 
Area of ceiling area of floor = (16 X 24) == 384 sq. ft. Cubical capac- 
ity of room, F = (16 X 12 X 24) === 4,608 cu. ft Inside-outside temper- 
ature difference, T = 70 — 0 — 70° F. Temperature difference between 
the room to be warmed and the space adjacent to its ceiling is, since the 
second story is to be heated, 0° F.; and that between the room and the 
space adjacent to the floor is (see above) assumed to be 32° F. By 
Table 569, K, for glass = 1.13; for walls — (0.7 X 0.31) ~ 0.22; for 
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floor = 0.17; and for coiling - 0.35. By TnbU^ 571, N = 1.5. By 
= 11. The total heat Zo,s‘«, For. (350), = Qt ~ {AqKgT -f- 
+ A + + 0.02^ BD/c./.. + Q. ^ [(72 X 

1 13)70 4- (408 X 0.22)70 + (384 X 0.17)32 4 (584 X 0.35)0 4 (0.02 
X 1.5 X 4,608)7011.1 X 1.0 4~ 0 = [5,700 4- 0,273 4 2,088 4 0 4 9,660] 
X 1 1 + 0 “ 26,093 B.ttL per hr. Or 20,093 B.tu. nimt he supplied per 
hour to maintain a 70" F. tciM})ei-a.t.urc within the room with a 0° F. 
outside temperature. 


577. Carpenter’s formula for computing the heat loss from 
any room is stated below. This is less cornidicated than the 
form of Tor. (356) and for inosi. ]>uilding--\va.rining computa- 
tions will give a close ;i[)i>roxiniiilion of the heat loss for dwel- 
lings. Prof. Carpenter states ihat the results as given by his 
formula and the corresponding rc^sults as 'blet-ermined by 
actual experiment on a large sc^ale for actual buildings’’ usually 
vary less than 5 per cent. 

(361) Qt = (Ag + 0.25ri + 0.02iVF)T (B.t.u. per hr.) 

Wherein: A == total exposed wall area, including windows: 
also ceiling area and floor area if llu^y are exposed to the 
outside air. All other symbols are as specified under For. 
(356). 

Derivation.— For. (361) is merely n simplifleatiou of For. (356). 
For (361) may be obtained from For. (356) by assuming: (1) K, jor 
glass =1. (2) K, for all walls = 0.25. (3) That 7i(> heai^ loss occurs 

through ceiling and floors, except when exposed to oalsida air. The exposure 
coefheient may or may not be considcuvd, but a morc^ consistent design 
will result from its use. If there is any heat loss diu^ to ventilation, it 
should be added to the result as obtaimul from For. (3()1). 

Example.— What is the heat loss, in British tliermal units per hour, 
from the room, example under Sec. 576, Fig. 497, as dclnrmined by Car- 
penter's formula? Solution. — By For. (361), The heat loss - Qt ~ 
(dc? 4 0.25A -h 0.02iVy)7^ = [72 +0.25 X (16 X 12 + 24 X 12) 4 
0.02 X 1.5 X 4,6081 X 70 = 23,080 B.tu. per hr. Bao note below. 

Note. — If The Exposure Coefficient Of 1.1 Is Appiued (as obtained 
from Table 573, for a north-cast room) to the above solution, ihmthe 
resulting heat loss = (1-1 X 23,080) = 25,388 B.t.u, per hr, 
ence between the two results as given by For. (356) and by For. (361) is 
26,093 — 25,388 = 715 B.tu. per hr. This is a negligible difference. 

578. Heat which is supplied to a room by persons, lights, 
or machinery may, properly, be deducted from the total heat. 
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to be supplied artificially as by For. (361). A 

room which is occmpuHl by 100 adults would (Sec. 561) be sup- 
plied with: 100 X 400 — 40,000 Bj.u. per hr. by its occupants 
alone. The ‘rate- of heat ('nihs,si(>n, in. British thermal units per 
hour, of an electric lamp when it is lighted = its loattage X 3.415. 
Thus a 50-watt lamp (uiiifs: 50 X 3.4 = 170 B.t.u. per hr. 
Electric motors and tlie niji(*hin(‘iy which they drive, if both are 
located in the room, (‘oinau’t, in practic^ally every case, all of 
the electrical (vnergy, wln(*h is supplicHl to drive them, into heat. 
If the product of .maimriud ure naiiaius in tlie room until it has 
attained room temp(‘ratur(‘, all of this Jioat is, generally 
speaking, given u]) to warm room. The rate of heat supply, 
in British thermal units per hour, will' in this case — (the 
delivered motor horsepower -i~ motor (fficiency) X 2,545. Simi- 
larly, when mechanical power is supplied to a room for factory 
processes, usually aJI of the energy thus transmitted to the 
room is ultimately convcu-tcMl inl-o heat in the room, ordinarily 
by friction (Sec. 86), which incrtaisc^s the room temperature. 

Note. — Ik imm-cowKiiEi) mii.ls this (Harding and Willard, 
Mechanicai^ Equii^ment of BiiiLi)iisr<is, Vol. T, p. 72) heat supplied by 
externally-generaled power is tlie (diief source of heating and is fre- 
quently sufficient t>() overheat (.he building even iii zero weather, thus 
necessitating cooling hy v(uit ilation the yc^ar round. 

Example. — A 100~hp. s<iuirn‘l-(\age induction motor which has a full- 
load efficieiHjy of 85 per (uait. and wliicli operates at full rated load is 
driving a line shaft in a furnitur(^-ra.(d;ory room. If the furniture which 
is manufactured remains in the room until it has attained room tempera- 
ture, how many B.t.u. ani given up per hour to the room by the machinery 
during the niamifa(d,iiring process? Solution-. — By Sec. 576, The rate 
of heat emission = {motor horsepower -f- motor efflciencAj) X 2,545 = 
(100 -4- 0.85) X 2,545 = 300,000 B.t.u. per hr. (approximately). 

579. Humidity Is Almost As Importaat As Ventilation In 
Rooms Occupied By Human Beings. — If the humidity (Sec. 
331) is too low, the oc^cupants of the room will experience a 
“parched'^ sensation. The skin and the nasal passages will 
feel dry. Mental and physical depressions may result. 
Furthermore, low humidity is xmhealthful because, after a 
person has remained in an atmosphere of relatively high tem- 
perature and low humidity and then goes out into the open air, 
he is likely to contract a cold or incur other disorders of the 
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Sec. 580] 


temperature, humidity, and air motion in a Kingle value. It 
shows what i)arti<!ular <‘omhina(,ions of the three things will 
make us feel the sanun For exaniph!, tlio cdiart shows that 
we feel the same in air at 75“ and CO p(ir cent, relative humidity 
as we do in air at 78“ and HO pc*r cent, relative humidity. In 
either case the effective truup<.n*atuie is 71 . 


-This cliart, whicli bUowb tho relation of elfcetive temperature 

to wet-bulb and drv-l>ub) iemperaturci and relative hunudity, is for air 
velocities up to about 25 f.p.m., whie.h for all practical purposes is still 
air. If the air in the comlitiontul spacu^ is moving? faster tluin the chart 



Fia. 499. — Water pan, W, in warm-air furnace. 


limits, the temperature will have to be raised a few degrees for the same 
effective temperature. For example, if the air movement rises to lOU 
f.p.m., the effect on the chart is to move the effective-temperature hne 
to the right, so that the line of 70" effective temperature, for example, 
intersects the saturation line at 72 instead of 70 . Ihe s a e area 
represents the conditions under which the majority of people ieei com- 


fortable and is known as the comfort zone. t 

Note.— Peopeb Humidity May Be Pbovided Readily 
Room.— If a warm-air furnace is used for heating, a water-pan, TF (Figs - 
499 and 500), may be arranged, in the air-warming passage of the hot-air 
furnace, adjacent to the fire box. The water becomes hot and evaporates 
into the up-going air and humidifies it. Sometimes the wa er ® ^ 
thus (Sec. 313) evaporates very rapidly. Where buildings are heated by 
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581. The principal methods of warming buildings may be 
classified as follows: (1) Dirrvt; Fig. 505, (2) Indirect; Fig. 

530. (3) Dircct-inxlirvctf Fig, 545, also called semi-indirect. 


Cy 



Fig. 603. — Typical opon-fircplac.ci couHtruction. {International Correspondence Schools 
Buildino Trades Handbook.') 

Each of these methods is treated in succeeding sections. For 
definitions, see note below. 

Note. — -Diiiect nEATiisrc!- is effected by "warming the air of the 
ROOM WITHIN THE ROOM (Fig. 505) by some such, means as fire-places, 
stoves, or steam or hot-water radiators. 
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Dirbct-ikhirt’ ®“eram of diroct-liouti„„ radiator. 

Of dlr^aXTer ^ *'*“ -”<> is a ootn- 
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for building wam^^re*^ apparatus which are used 

g are. (1) Oper^rate fireplace; Kg. 503 . 
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(2) Stove; Fig. 504. (S) I lot-water radiators; Fig. 505. (4) 

Steam radiators; Fig. 505. (5) Warm.-air furnaces; Fig. 499. 

(6) Unit heaters, Figs. 540 and 541, The scope of this book 
permits only a bricyf (l(‘s<*ripii(ni of each. Other illustrations 
follow. 

683. Table Showing Approximate Average Efficiencies Of 
Various Types Of Heating Installations- — These values are 
expressed as a poreonUxT^o of lu^tit givc'ii up to the heat- transfer 

medium“~-“air, wat.cu* or stc^ani -as against the heat contained 

in the fuel. 


Method of heating 


Efficiency, per cent. 


Cooking stove. . . . . 

Fireplace 

Heating stove 

Warm-air furnace. 

Steam heating 

Hot-water heating 


1 about (in cooking) 
70 to 80 (in heating) 
5 to 20 
70 to 80 
50 to 75 
60 to 75 
60 to 75 


Example. — If 1 lb. of coal, which has a heat value of 11,000 B.t.u. 
(see Sec. 452) is burned in a fireplace, the amount of heat from this 1 lb. 
of coal which would be given olf in heating the room might only be: 
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Fia. 606.— Graphical statement of steam-hoating-plant efficiency. 

water heating are substantially the same.) 


(Values for hot- 


11,000 X 0.05 ™ 550 B.t.u. The remainder, or: 11,000 — 500 = 10,450 
B.t.u. would be lost up the chimney. 

Example. — A certain steam-heating furnace, which is located within 
the building, burns 10 lb. of coal per hr. If the thermal value of this 
coal is 14,000 B.t.u. per lb., what part of the heat in the coal is, probably. 
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useful in hciiting the building? Holution-.— l<^roiu Table 583, the 
probable effieieney of a, steam luxating instailat ion is about (>7.5 per cent. 
Therefore the heat cjjeelwe in warming the building = 10 X 14,000 X 
0.675 = 94,500 BUi. per hr., more or h'ss. Tlui r(‘niaiiider of the heat 
in the coal, or 45,500 B.t.ii. per hr. is lost up Ibe (Ouiniuvy. 

Note. — A craiuiioai. statemen'c ok steam- and hot-water heating- 
PLANT EFPICIEN-CY is prest‘nt(^d in Fig. 506. About 30 per cent, of the 
total heat in the fuel is lost up the ciumiuw and in the a,shpit, owing to 
inefficiency of conibusliou. I<> v's la.rg(‘ly wast(‘d iusofai’ as building 
warming is concerned. This lea,v<\s about 70 p(‘r (umt. of t.he total heat 
in the fuel available for heat transmission and dist ribut ion. 

If the entire heating plant is in one building, the. 17.5 per cent, allowed 
(Fig. 506) for distribution is rt^ally not, lost, but is (‘xptnded in warming 
cellars and other spaces through whicdi the supply a.nd ndurn mains pass. 
Hence, in such a plant, about 70 p(‘r (umt,. of lh<‘ total lu^al, in the fuel is 
available for building- wanning. But,, if tlu^ hea.t ing-st,ea,ni or water 
must be transmitted through rehitlvcdy long pipi^ liiitvs, tluiu the 17.5 per 
cent- — or more — may be wholly lost, in (.ransmissiou. 

584. Applications, advantages, and disadvantages of the 
various methods of building warming an): Firkplaces are: 
(1) Very inefficient. (2) Dirty. Qi) Do not produce even tem- 
peratures. Stoves are: (1) Rclatmiy cfficivni. (2) Dirty. 

(3) May occupy valuable floor space. IIot- wai’ER And Steam 
Systems have the following inlienMit, (*hiira,(*t,('rLs{i(%s: (1) High 
first cost. (2) Positive heat transfer, therefore not affected hy 
wind. (3) Applicable to both large and small installations. 

(4) Relatively inflexible in overload capacity. G ravit y-indiregt 
Warm-aib Systems may be said to: (1) I lave large overload 
capacity. (2) Be relatively low in first cost. (3) Afay provide 
proper ventilation. (4) In some instances are affected by wind. 
The Hot-blast Warm-air System provides positive ventila- 
tion at all times. 

585. The open-grate fireplace (Ifig. 503) is the oldest 
type of heating apparatus now commonly usc'd for warming 
buildings. From it the heat is transmitted to tlu^ room almost 
wholly by radiation. It provides a very iiK'ificvient heating 
method (see Table 583 and example). About 80 to 95 per 
cent, of the heat of the fuel escapes through the flue and is 
ineffective in warming the room. An open-grate fireplace 
does, however, provide an excellent means of ventilation, since 
all of the air which is taken from the room and carried up the 
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chimney by coiiveeiion nuist be replaced by fresh air through 
infiltration from tlie outside. However, an open fireplace 
provides a pleasant and cheerful heating effect. Such fuels as 
coal, wood, coke, gas, and peat, may be burned in the fireplace. 

Note. — To Be Most Eefeotive, A Fireplace Must Be Properly 
Designed. — It slioiilil have sloping firebrick sides, and back, A and B 
(Fig. 503), to reflect the heat into the room. The throat, C, should not be 
greater than 2.5 to 4 in. in depth and should be of the width of the 
fireplace opening. Tiie total throat area should be at least equal to the 
total flue area. The smoko shelf, E\ prevents air from rushing down 
when the fire is being started, and forcing smoke into the room. 



Fig. 507. — Typical modern cooking range. (In tko trade a "stove” has two oven doors, 
one at each side of it,s oven. A “range” has only one door to its oven.) 

686. The stove is still in use, both for building-warming 
(Fig. 504) and for cooking (Fig. 507). In spite of its dis- 
advantages the stovci appears to provide economical heating 
where only a small amount of locally-generated heat is neces- 
sary. Stoves are usually made of cast iron or sheet iron. 
Each contains a fire bowl or box (B, Fig. 504) wherein the 
combustion (sec I)iv. 14) of the fuel takes place. A smoke- 
pipe, P, connects the fire box to the chimney. Natural draft 
is employed in practic-ally every case. Stoves may be obtained 
wherein practically any known fuel may be burned. Heat is 
transmitted from a heating stove by direct radiation, conduc- 
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tion, and convection. The warming efEciiuicy of the average 
heating stove is (Ta-ble 583) 70 t.o 80 {xvr (unit., whereas, with 
the cooking stove, only about 1, pen* (amt. of the heat of the 
fuel is actually utilixcHl for cooking. 

Note.^ — The Woodwohk Located Near 8tovks Wiikti Are Oper- 
ated In Wooden Biuldinos Should Be Fireproofed. — An effective 
and comparatively hu^xpcmsive mel-hod of lirt'-proofing a Htovc is shown in 
Fig. 502. 

687. In comparing hot-water or steam heating systems 
with warm -air- furnace systems : the hol-wat.er and steam 
plants have the advantage's that tludr operat-ioii is not affected 
by wind pressures, and that, with thcmi, lu^at may be readily 
transferred to any x)art of a building or (R)mmunity. They 
have the disadvantage, as (aimparcal with warm air, of about 
two to three times the <H)st for an (‘quivalent installation. 
The hot-water and stcuirn syst(uns are, in general (Table 
583) somewhat more effiedeni. Hot-wa,t,(3r and warm-air 
systems are more flexible than an^ n^sidential steam systems 
in that a moderate rate of lioating can b<^ i)rodu<‘cd with them 
whereas the steam systems geiuu'ally luuit either at their 
maximum rate or not at all. Various nudhods of moderating 
the heat delivered by steam systems instalhul in large buildings 
have been developed. The hot-watcu* system is about 20 per 
cent, greater in first cost than is tlu^ steam. 

688. Hot-water heating systems are of two classes: (1) 
The gravity-return system^ which operates by convection (Sec. 
589) only. (2) The fo7xed-circtdation system, wherein the cir- 
culation of the heated water is (effected by a pump. The 
gravity system is effective in and is usually cmiployed only 
in relatively small installations; se(i following sections. The 
forced-circulation system is used in hot-water district heating 
and for large industrial-plant buildings. 

689. The principle of gravity hot- water heating is discussed 
in Div. 5, Transfer Of Hfat. The water is heated in the 
boiler (Fig. 508) which is at the lowest point of the system, 
usually in the basement. The heatexi water then conveys 
the heat to the radiators by convection (Sec, 137) and there 
transfers a portion of its heat to the air of the rooms. The 
water is cooled thereby. Then it, now being heavier than 
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the corresponding column of hot water in the supply pipe, 
falls by gravity to tlie boiler. There it is re-heated and the 
process continues so long as iieat is supplied by the burning 
of the fuel in the boiler. 




^nof-IVorfer 


Note. — In A Gravity Hot-water Heatino System All Op The 
Piping Should Be T^::NTntELY Full Op Water.-— I f it is not full, circula- 
tion cannot occur and it will ccaH<‘ to 
function as a heating .system. 

Note. — To gom,put:e the pressure 
WHICH causes the (HIieULATlON OP THE 
water in a gravity HOT-WATER HEAT- 
ING SYSTEM the same general imhliod is 
followed as that described in Sihl 250 
for the computation of tlui pnvssure 
which produces a draft in a chiiniuy. 

Example. — What pre.ssure head will 
be produced in. a hot-wat.er heating 
system wherein the average diircu-ence 
in elevation between tiu^ boiler and the 
radiators is 20 ft., if the average Uunper- 
ature of the water in the supply pipe i.s 
180° F., and that in the return pipe is 
160° F.? 

Solution. — T he weight of 1 cu. ft, of 
water at 180° F. is 60.554,7 lb., and at 
160° F. 1 cu. ft. of water weighs 
60.975,4 lb. The difference in weight of 
1 cu. ft. of water at 180° F. and 160° 

F. = 60.975,4 - 60.554,7 = 0.420,7 lb. 

A column of water 1 sq. in. in cross 
section and 20 ft, in height contains: 

20 144 — 0.138,8 cu. ft. The difference in weight of this water column 

at 160° F. and at 180° F. = 0.420,7 X 0.138,8 = 0.058 Ih. Therefore, 
the pressure head produced in the system is 0.058 Ih. per sq. in. 

Note. — The circulating pressure obtainable in a gravity 
HOT-WATER SYSTEM IS RELATIVELY SMALL, as is indicated by the preceding 
example. Hence, in such a system, the piping must be designed and 
erected very carefully so that it will offer minimum frictional opposition 
to the water-flow. In large buildings, or where a number of isolated 
buildings are to be heated by hot water, it is necessary to employ a pump 
to circulate the water; that is, a forced-circulation system must be used 
(see Fig. 529). 



Fig. 608 . — Typical medium-size, 
hot-water heating boiler. In general, 
the same boilers may be used for both 
steam and hot-water heating but 
steam space must be allowed above 
the water in a steam boiler. {Amer- 
ican Radiator Co.) 


690. Several Methods Of Piping Are Employed In Hot- 
water Heating. — The three principal piping systems are: 
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(1) The multi-braMh or two-pipe .syrtevi d-"iiis ■SOQ . 

which is the one ordinarily vised Jdr relatively 

such as residences. (2) The cireoif ,»■ omldings 

511 and ‘ill S') >. • system (Fio;g 

oli and 0l2), whieh requires no si'parate return main- +t 

feature renders it osj.eeially adaptaliJe to those * 

houses wherein each apartment has its own boiloi aTit Ir 
nates about half of the basement pipins. Howevc ; t 
larger radiators than the nudtid.r^ach s^n ^3? 



trfloorl r;h located on the 

Ins^TTater flow™^ " iH-trations indicate the direc- 

Sys W TanJc Is Required In Hot-water Heating 

radiators of a 

this and at’th^^"°® employed to insure 

P nuit ot the system due to the expansion of the 
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water (which will obviously occur when the water is heated). 
This is accomplished (Figs. 509, 510 and 511) by using an 
expansion tank. When the water in the system is heated, 
it expands into the expansion tank T (Fig. 513), which is 
normally about half full of water. The tank may be vented 
at V to the open air, thus permitting free expansion of the 



'Em. 510. — Revor-sGcl-return two-pipe hot-water system. This piping arrangement 
requires a little more pipe than (loe.s that of Fig. 509 but it provides circuits of prac- 
tically the same length through all radiators. It thus tends to equalize the resistance 
to flow through all of the radiators. 


water in the system. The expansion tank should be large 
enough to hold 10 per cent, of the water contents of the heating 
system. 

692. There are two methods of expansion-tank operation : 

(1) The open-tank method, wherein the system is open (V , Fig. 
513) directly to the atmosphere. (2) The closed-tank method, 
(Fig. 514), wherein the system is not open to the atmosphere, 
but instead has interposed in it a safety valve, or equivalent 
device, which insures that the pressure on the system will be 
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greater tlian atmospher'u*. pn\sHure, but which prevents an 
excessive increase in pressure in, the system. 



Fig. 511. — The onc-pipe syntcin of piping for hot, -water heating. The radiators oi 
the left are properly cormectod. TIiohc ou the right are couueoted i)Oorly. Note tht 
difference. 



Fig. 612 . — Illustrating the onc-pipe circuit syMtein of piping hot-water radiators- 
Each radiator receives colder water than the preceding one. Thus, the effectiveness of 
the later radiators is less than that of the earlier. The later radiators should, therefore, 
be made relatively large. 

Explanation. — When The System Is Open To The Atmosphbkb, 
The Temperature Ob The Water In It Cannot Exceed 212® F. — If it 
does tend to exceed 212® F. (which, Tabic 394, is the boiling temperature 
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of water at atmospheric pressure) the hot water from the furnace, as it 
reaches the tank, will vaporize into and discharge from the tank as steam. 
This hmits the water temperature in the open-tank system to 212® F. 
The static head impressed on the water in the boiler, due to the weight 
of the column of water above it, may be such that the pressure on the 
water in the boiler is eonsidcu-ably 
greater than atmospheric pressure. 

The temperature of such water before 
it rises into an open expa-nsion tank may 
be materially above 212® P. Ihit, if it 
is above 212° F-, it will vaporize into 
steam bubbles in passing to the tank 
and discharge as such. 

Now, if a safety valve, which is set to 
operate at a pressure of say 10 lb. per 
sq. in. above atmospheric pressure, is 
placed on the expansion tank, a closed- 
tank system will result. Then, the corresponding boiling tempera- 
ture of the water under the increased pressure (see Steam Table 394) will 
be 240® F. 

Thus, by arranging a safety valve on an expansion tank, the tempera- 
ture, and the effectiveness of the water in the heating system may be 
correspondingly increased. It maintains automatically, on the hot-water 
circulating system, a pressure of say, 10 lb. per sq. in. above atmospheric — 
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From System 


Fia. 513. — Open-type expansion tank 
for hot-water heating system. 
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-Hot-water boiler with pressure-relief valve instead of expansion tank. 


that is, 10 lb. per sq. in. gage (see Sec. 16). But, if the pressure in the 
system exceeds 10 lb. per sq. in. gage, the device will relieve the excess 
pressure. It is connected to the water-supply line and automatically 
keeps the system full. Devices of this character should always he so 
simple that there is practically no possibility of their ever becoming 
inoperative. 


693. Rate of heat radiation from radiators can be measured 
only by the heat they emit. The trend is toward using the 
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term Mbh. or 1,000 B.t.ii. per hr. The old 8 tandard of com- 
parison used to be acduial scjuart^ hud. of radiator surface, but 
improvements in. (lesif»;ns and Mu' iisc^ of extended surface 
types has made the surfa<‘e an unr(dial)le index of the heat 
output to be expected from a radiator. It has become cus- 
tomary to use tlie i(u*m equivahmt scjuarti feud, in rating radi- 
ators. This is obtahuul by dividing thci acdual heat output 
of a radiator tested with st.cuim at. 215° in a room at 70° by 
240 B.t.u. per hr. per sq. ft. To obtain the rating for hot 
water at 170°, wlien the equivahmi. dinud. radiation (E.D.E.) 
is given for steam, multiply IIk^ 10. 1 ). R. by the factor 0.617. 

Note. — dtiiE normal entrance and exi'c 'i'emperature dipeerences 
OF HOT-WAT32R RADIATORS a, Hi approxiumtity : (1) For the open sy&tem: 
entrance teinpernturc, 180'"* 1'.; <^xi{. tOO® .F. (2) For the 

closed system: entrance teinpcira.t.un’i, 220*'' exit, ttnnperature, 200° F. 
In both, cases, the tempera, tun', drop in the .radiat.or is a, bout 20° F. 
Hence, the av<.n‘age radiator i.emp<'!ra,tur(^ for (he open system is about 
.170° F., and for the closed system, Jihout 210'’ F. .Idir the open system 
the heat emitted by the radiator pov scpinre foot, of h].D..R. is about 150 
B.t.u. per hr., and for tlui closed syslmu it is about 200 B.t.u. per hr. 

594. The procedure in proportioning the radiating surface 
of a hot- water heating system for a given room or building 

is essentially the same as that us(h 1 for designing a steam 
heating system. For eitluir hot-wainr or stiuim, the amount 
of radiating surface is scdcKd'.ed so that the lioat which is 
given off by the radiators is just sufficient to compensate for 
the heat loss (Sec. 563) from tlu^ room or building. 

595, In steam heating systems, shuim (sec Div. 11) is the 
medium whereby the heat is transfevrred from the location 
where it is generated, usually by coml)ustion of a fuel in a 
boiler (Fig. 516), to the room or building which is to be warmed. 
Since the steam in the radiators is at a higher temperature 
than the air in the space to be warmed, heat is transferred by 
conduction, radiation, and c.onv<‘(d.ion, from the radiator to 
the air in the space. Due to tliis loss of its heat, the steam 
in the radiator is caused to condenses It tlius gives up its 
latent heat of vaporization (Sec. 329) to the room. Since, in 
general, steam-heated radiators operate at higher temperatures 
than do hot-water radiators, less radiator surface is, for 
equivalent conditions, sufficient in steam heating systems. 
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Fia. 616. — CuHi-irou ateiiin huatinj? boiler with insulated casing. 



Fig. 516. — Typical medium-size, cast-iron, sectional steam, heating boiler. (The 
steam boilers used for large steam heating plants are essentially of the same construction 
as those used for power service, except that they may be designed for smaller pressures.) 
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596, A comparison of the steam as against the hot-water 
heating system may b(^ stated t.hiis: In general, a steam sys- 
tem, unless provided witli some form of modulating control is 
not as economical or as w(dl adapted for moderate climatic 
conditions as is a hot-water syst.cnn. On cool- — not cold- 
days, a small fire will circulates the water in a hot-water systera 
satisfactorily, but in a stemm systcmi, t-he fin^ under the boiler 



Fia. 517. — Two-pipe (basement-main) system for steam heatini?. Note the sealed 
returns. Without these seals, the steam mi{;ht short-curcuit through the radiators 
nearest to the boiler and. not reach the others. 

must always, if any heat whatsoever is to be given off by the 
radiators, be sufficient to maintain all of the water in the 
boiler at least at the boiling temperature. Tlicrefore, although 
the first cost of a hot-water heating vsystem may be greater 
than that of an equivalent steam system, the hot-water out- 
fit will, for moderate conditions, probably be more economical 
and satisfactory in the long run. The hot-water system, 
however, has the disadvantage of not being adapted to changing 
the rate of heating as quickly as does a steam system. The 
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great bulk of wate^r in a lioi-wateu' lujating takes a greater 
length of time to warm. 

597. Direct steam heating systems may be classified with 
respect to: (1) The method of r< Turning the 'water of condensation 
from the radiators to the boiler, (2) The method of piping, (3) 
Steam pressure. Envh of i.lu'so will be discaissed. 

698. The condensation water in a steam heating system 
may be returned to the boiler by either of two systems : 



Fia. 618.— One-pipe upfeed aystcin of steam heating. The upper, right-hand radiator 
may give trovable due to pipe expansion. 

(1) The gravity-return system. (2) The forced or vacuum-return 
system. The gravity-return system (Figs. 517, 518 and 519) 
comprises a closed circuit, wherein the condensation water 
flows to the boiler by gravity. The forced-return system 
(Fig. 522) is not a closed system. With it, the pressure in the 
supply piping and radiators may be considerably higher than 
that in the return piping. That is, the condensate is returned 
to the boiler by means of a pump, return traps, or both. In 
large vapor systems the air eliminating device (Fig. 520) is 
replaced with a vacuum pump which removes the air from the 



578 


PHA(^TJ('AL UP AT 


[Dxv. 17 


return piping^ mnintn-ins a vacniuin in the rettirn mains of 
10 to 15 in. Hg and pumps the eondcmsato into the boiler. 
The vacuum, in tlio returii lim^s d<‘cr{^a,ses the time required to 
heat up the system and fatalilahis the return of condensate. 

599. The principal methods of piping used for steam- 
warmed buildings arcu (1) TIw tim-pipe (jravity system; Fig. 
517. (2) Two-pipe vapor system; Kig. 520. (3) The one-pipe 



Fxg. 619. — One-pipe attic-main for .sti'^am licatin}?. Kach radiator is sliown with a 
different kintl t)f eouneotion. 

upfeed system; Fig. 518. (4) The one-pipe downfced system; 

Fig. 519. Various other arrangcunents, whitdi are usually 
modifications of one of these thre(‘. sysicmis, ai’c employed. 
For all systems, the general priiH‘i])l(^ i.s the same. 

Note. — “Wet” aistd “nitr” itETaiiisrs (Fig. 5X7) arc so called, respec- 
tively, when the return pipe is below or above', ttu'. watt'.r lino of the boiler. 
The wet return insures against sliort-cinnut.iiig through the radiators but 
requires a little more pipe than does the dry return. 

600. A pressure classification of steam heating systems 

is: (1) High-pressure systems are those in which the steam pres- 
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sure in the radiators is 10 lb, per sq. in. gage and above. High- 
pressure systems arc seldom used iu building warming. (2) 
Low-pressure systems are those in which the steam pressure 



ria. 520. — T\vo-i)ii)o, gruvity-rotiini, vapor heating system. 


r 



Fig. 521 . — THermostatic-trap valve for handling condensate from steam radiators. 

in the radiators is something between atmospheric pressure and 
10 Ih. per sq. in. gage. (3) Vacuum systems are those in which 
the return pressure and in some cases the steam pressure is 
below atmospheric. Practically all building-warming installa- 
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tions for which steam is used as the h('at,-(.-.,,i . , • ■ ^ 

are low-pressure Ksystems. Evcui wliet. ih ' tedium 

at high pressure in a power bX ‘“S ^-ated 

^ \ dives are mter. 


Mmosp/f^^^ f|. 



rr QrK&^) 

to reduc^Se boiled pres™ T 

The average pressure carrier! ir. + beating pressure, 

about 1 or 2 Ik per sq. in. LZ probably 

systems are usuallv f ^ ’ t . buildings vacuum 

OM, .n auto^rCaoatfet,™'’ “ 

™06tatic trap or valve (Fig. 521) is, 
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ordinarily in a vacuum system, interposed between the outlet 
of each radiator and the return main. This valve prevents 
steam from entering the return pipe. 

Note. — The pressure in exhaust-steam heating systems (see 
Sec. 607) usually ranges from 1 to 5 lb. per sq. in, gage. A back-pressure 
valve {B, Fig. 522), which is inserted in the engine-exhaust line to the 
atmosphere, maintains automatically the desired pressure in the heating 
system. A vacuum heating system operating on exhaust steam insures 
a low back-pressure on the engines. 

;^qte.—The yarious methods op piping (Sec. 599) may be used 
for utilizing steam at any of the pressures listed above. Also, 
any combination of piping and steam pressure may be operated either as a 


360 ^* 1 =:'^ 

f33lb./ of ffoat 

persq./ Converted Into 

in, ' Work in cr Perfect 

abs.y Condensing Engine 

W0°E 2d in. Vacuum-^ 


73 % of Heat Wasted 
in Condenser Circulating 
Water 


I- Condensing Unit 


^ of Meat Converted 
^ Work in a Perfect 

Non-condensing Engine 

abs. ^zJS^E A ftppspber/c Pressure - ^ 



E-' Non -Condensing Unit 


Fig. 623. — Exhaust steam at atmospheric pressure contaias an amount of heat, JET, 
equal to from SO to 85 per cent, of the total heat of the live steam. 


gravity-return system or as a forced-return system. Thus the arrange- 
ment shown in Fig. 517 might be designated as a two-pipe^ low-pressure, 
gravity-return, steam-heating system. 


601. Exhaust Steam, Where Available, Provides A Most 
Economical Source Of Heat For Building Warming. — ^About 
80 per cent, of the total heat in the steam which is supplied 
to a non-condensing engine or turbine (Figs. 523 and 524) 
is wasted in the exhaust if the machine exhausts directly 
into the atmosphere. Only about 20 per cent, at most of this 
exhaust steam can be effectively utilized for feed-water heating. 
Hence, even after the boiler feed water has been heated by 
exhaust steam up to 212° F., about: 0.80 — (0.20 X 0.80) = 
0.64 = 64 per cent, of the entire quantity of heat supplied to 
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the engine is availai)le in jxannining <‘xliaust. steam for building 
warming- TliuSj steam wlu(‘h has first- Ix^en passed, through, an 
engine or turbine, and inadt*. to do all of t-lu' work that it can 
do therein, is, as it exluuists from the non-condensing engine 
mrbinc, almost as elTeetivc^ (80 p<‘r cent, of the original 
luuii. is in tlio exhaust steam) for 
building warming as is high- 
pr(\ssure live stemm. In one sense, 
the engine or iurbinc acts merely 
a,s a rcHlucing valve. Consider the 
following examphv. 


I 


Ch'- 


/ ceJ -or 
'j 






i I -0*^ t- SI K,i' Kj ^ 

^yAyi MCuntcilrtirci / rw{ ! . , ? 

X "— ‘\r 

Fia. 624. — Exhai.iHt Btoaiu avail- 
able for heating. (TIk^ area IV'A' VZ 
represents the total luiat in tlu'; <*t>al. 
The area B reprca(MitH, ixpproxi- 


lOxAMCoM. Prom Steam Table 394, 1 

Ih. of snlurattnl nU^ain at a pressure of 
100 Ih. ixn- ,s(i. in. gage contains a total 
of 1 , 1 SS.S B.l-.u. Also, this 1 lb. of steam, 
a.rt.(.'r adia.ba-lic ('xpansion to 3.3 lb. per 
s(i. in. gage, (xyntains a total heat of 1,052 
B.t .u. llcn<a‘ own a perfect engine in 

; (.h(‘ st(‘n»n 


— .10VJ.6 is.t.u. per 
lb. from th(‘ si-tnim. The greater part of 
the 1,052 B.t.u. which is hi each pound of .st eam at a- i)resHuro of 3.3 lb. 
per SCI- in. gage is usually availa,ble ior building or othen heating. 

Explanation. — T- im opmiiation op a typi(^\,l exuaxjst-steam 

VACUUM-BET 0RN KEATINCJ SYSTEM Will UOW 1)0 ('XplailHul. Hcfcr tO Fig. 

525. Steam is exhausted from the main tmgim^ t.hrough the mam 
exhaust, A. It then, passes through the oil s(‘pa.rat-or, D. There it 
divides, part passing to the feed-water hea.tt‘r, /h and the remainder 
passing through C to the heating main, Ah The back-prcissiue valve, F, 
is so adjusted that if an excc'ss of exha-u.st .stc\am, over that amount 
required for the heating system, is ava-ilabh^, t.his {\xe(‘ss is permitted to 
escape through the afcniosjdi(u,*ic exhaust pipes hh If the engine stops, 
or if the load is so dccrcascHl tha,t insuirudcmt (‘xhaust sic^am is available to 
produce the desired steam pressures in thc^ hc^nl.ing systcmi, t-hen live steam 
is admitted directly from the boiler through the pressure-regulating 

valve, H. • -u • 

The vacuum pump, I, delivers the condcnsat.(‘. and air from the mam 
return, J, to the receiver, K. The air escapes from K through the vent, 
A, and the condensate hows through tlui loop, Af , to the feed-water 
heater, from which it is returned to tlie boiler by the boilcm-fecd pump, • 
The pump governor, E, which is connected to the live-steam main througn 
pipe 0, and to the return main through pipe, P, so operates as to auto- 
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matically maintain a constant vacmini in the heating-system returns. 
It is essential that tlic return side of each radiator be equipped with a 
trap, T, which will permit water and air to pass, but not steam. Such a 
trap is shown in Fig. 521. 

The trap valve, V (Fig, 521), is shown in the open position. As steam 
contacts with and heats the sylphon bellows, B, which is filled with 



Fig. 525. — Typical (Webster) system of piping for exhanat-steam beating. 


a volatile liquid, the liquid vaporizes. Then B expands, and closes the 
valve. When air or water enters the trap, B is thereby cooled. It 
then contracts, thus opening the valve, and permits the air or water to 
flow or be pumped out of the radiator. When all of the air and water 
has escaped, steam will again surround B and the cycle will be repeated. 

An exhaust-steam hofc-water heating arrangement is shown in Fig. 526. 
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602. Control of steam heating system is necessary to prevent 
overheating and to bring about economical use of steam and 
fuel. Heating systems must l;)e inst, ailed with sufficient radi- 
ator capacity to sufiply tlu^ luait n(^(‘(\ssary to take care of the 
lowest winter teniperatuix^s usually (mcountered. In many 
localities these low temperatures prevail for a total of onlv 



Fia. 526. — Office adjacent to a factory heated by an exTuinat-Hteam hot-wat6r system. 
The advantages of hot-water heating are under certain, eonditione realized even though 
the heat is derived from exhaust steam. 

a few weeks during the entire heating settson and during most 
of the time the radiators are capable of supplying much more 
heat than is necessary to maintain comfortable conditions. 
Unless some kind of control is provided, overheating will result 
and windows will be opened to cool rooms offi, thus wasting fuel. 

603. Methods For Controlling The Steam Heating Sys- 
tem, — There are three basic methods by which the heat emitted 
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by the radiators of a steam heating system can be controlled, 
that is, (1) by alternately turning on and off the steam supply 
to the radiator; (2) by supplying measured quantities of steam 
so as to heat only a portion of the radiator; and (3) by decreas- 
ing the pressure of the steam in the radiator, hence decreasing 
its temperature and consequently the heat emitted. 

604. On And Off Method Of Control. — This method is used 
almost universally in residential heating systems and also in 
many large buildings. In residential heating plants, steam 
is shut off when the house gets to the proper temperature by 
merely closing the boiler dampers or, if the boiler is oil fired, 
by shutting down the burner. The action may be made auto- 
matic in cither case by applying a thermostat-controlled 
motor to the boiler controls. In large installations this 
method is not applicable, and the inlet valves of each radiator 
are arranged so tlicy may be closed as required. Valves with 
individual dir(‘(‘,t-ac.ting thermostats are made for this purpose. 
In other systems the radiator valves are operated by air pres- 
sure under the control of a thermostat. Usually one thermo- 
stat controls a group of valves. 

605. Control By Partially Heating The Radiator — Orifice 
System. — In this system an orifice is installed at the inlet to 
each radiator sized so that, with design steam pressure on the 
heating mains, the quantity of steam flowing into the radiator 
will be equal to the amount that the radiator can condense when 
the room temperature is 70°. With design steam pressure 
and correctly sized inlet-orifice plates, the radiator will be hot 
all the way across and only condensate will flow into the return 
connection. For this reason it is not necessary to have outlet 
steam traps with this system. If, now, the steam pressure in 
the steam main is decreased, the flow through the radiator 
orifice will decrease approximately in the ratio of the square 
root of the actual absolute pressure to the square root of the 
absolute design pressure. Because of the decreased flow the 
radiator will be only partially heated. * By varying the steam 
main pressure the steam flow, and hence the amount the radi- 
ator is heated, may be adjusted to meet all conditions of weather 
encountered during the heating season. Installation of radi- 
ator orifices also causes an equal distribution of steam among 
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the windy side reqiiirc\s heat to warm it to room temperature. 
ThuSj if enough heat is furnished to keep the shady and windy 
side comfortable, the sunny side will be overheated and hence 
an unnecessary (pianiily of heating steam is consumed. 
Conditions of oc(aii)an(‘y also rc^quire different temperatures 
for comfort and diffenmt amounts of heat. For example, 
an office must be k(q)t warmer than manufacturing spaces. 
Fuel or steam consumption may be reduced as much as 35 per 
cent, by dividixig the heating system into zones arranged to 



supply the different demands for heat according to the type 
of occupancy or building exposure. With an orifice system 
as many zones as required may be provided by placing a 
thermostatic or remote, manually controlled, reducing valve 
in the steam supply line to each division of the system, as 
indicated in Fig. 529. Each reducing valve can be separately 
adjusted to maintain whatever pressure is necessary to provide 
the right amount of heat to each individual zone. 

607. Differential Vacuum Heating. — The amount of heat 
emitted by a radiator varies directly as the difference between 
the radiator and room temperatures. The differential, 
vacuum heating system makes use of this principle and lowers 
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or raises the ieiupt'rat.un* of the rarliuior according to heat 
requirements. 1110 ieinp<*ra4un‘ of i]i(‘ radiiitor is decreased 
by lowering the pr(‘ssur<‘ of t h(‘ steam supi)Ii(Hl to the radiator. 
Thus when little luait is najuin^d, (!h‘ |>r(\ssure in the radiator 
may be loweiaal to 20 in. \'acuum which givass a corresponding 
steam t(unpera,t ure of al,)out. 102'''. Wh(‘n wx'ather is severe 
pressure in tlm radiator is in<‘r(‘as(Hl to, say, 2 1b. gage which 
corresponds to a tempenit.un^ of about 218®, thus increasing 
the radiator out.|)ut by 84 pea* coni, ddie <*ontrols of this 
system are arrangcal to maintxiiu a eonstaut differential pres- 
sure between stxaim and ndiirn Hu(‘s at all t imexs. The traps 
at the radiator out let ar(‘ of a typ<^ t hat funct ion at, all pressures 
from 25 lb. gage to 25 in. vaxuium. Ibidiator orifices are also 
used with this system t,o scanin^ (‘V(‘n (list ribution. 

608* The requisite grate area for steam and hot-water 
boilers for building-warming service may be computed by 
the following formula: 

1.250 

(362) A = (square feet) 

Wherein: A = grate ar(\‘i of st(*am or hot-water boiler, in 
square feet. Q = total luait to l>e suppli(nl by boiler, in 
British thermal units p(U' hour, from the building as deter- 
mined by For. (356) or (361). H = h(‘at value of the coal, 
in British thermal units pea pound; hoc Taidc 451. W = 
weight of coal burned, in pounds pm- hour p(u* square foot of 
grate surface. E = boiler, furnace, and grate efficiency. 

Thb bbrivation- of For. (362) in Hiiuilar to that of For. (368), which 
is presented under See. 621. lu For. (3()2), it is assunied that 20 per cent, 
of the heat in the steam wl)ii<di ts ava-ilabl<^ for wanning the building is lost 
in the piping. For values of H, sec Tabhj 451. W will, for 8~hr. firing 
periods, vary from about 4 to 8 lb. per hr. p(u- H(p ft. of grate area. For 
boilers with grate areas which exceed about 20 scf. ft., a rate of combus- 
tion of 10 to 15 lb. per hr. per sq. ft. of grate area (uin be maintained by 
constant' attendance, with short firing intervals. Approximate values of 
E may be obtained from Ta}>le 583. 

Note. — Boiler Caracitibs May Be Statep In Terms Of The 
Boiler Horsepower. By definition (see Sec, 500) : 1 dozler hp. is equal 
to 34.5 lb. of water evaporated per hour^ from and at 212® F. Since the 
latent heat of steam at 212° F. is (Table 304) 970.4 B.hu. per lb., 1 
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hoiUr hp. is equivalent to: 970.4 X 34.5 “ 33,479 B.tu. per hr. Also, 
since 1 sq. ft- of oqiiivalont radintioii ]ia«, at a temperature of 215° F., a 
heat emission of about 24:0 B.t.u. per sq. ft. per lu'., 1 boiler hp, will 
supply: 33,479 240 — 139.4 sq.ft, of steam, radiation, or: 33,479 170 

=s 197 sq. ft. of hot-'water radiation. In using these values for'liomputing 
the boiler-horsepower rating or grate a,rea of a boiler to supply a given 
area of radiation, allowan(‘.e must be made for the loss of heat in the pip- 
ing. This is usually done by adding about 25 per cent, of the total 
radiatoi^area. Additional <‘-apa(hty shoTild also be provided to take care 
of the heating-up load. Cloal-hnul boilers arc usually selected with a 
maximum continuous output 60 to 80 per cent, in excess of heat output 
of radiation plus piping, 

Examplk.— What grate area will he required for a steam boiler which 
is to heat a building having a, heat loss of 160,000 B.t.u. per hr., if 6 lb. 
of Illinois soft coa,l is to be burned Ciadi hour on each square foot of grate 
surface? The boiler-and-grate efficiency is assumed to be 70 per cent. 
Solution. — By Table 451, the heat value of Illinois soft coal = 10,000 
B.t.u. per lb. The total heat to h(^ sui)plicd by the boiler at maximum 
rating, allowing for pipe loss and lieating up, is (160,000 X 1.25 X 1.60) = 
320,000. By For, (362), the required grate area. A, = 1.25Qr/HWE = 
1.25 X 320,000 (10,000 X 6 X .70) = 9.5 sq. ft. 



Fig. 630.^ — Diagraiia of elementary indirect heating system. 

Fig. 631. — Warm-air furnace with cold-air ducts so constructed that a portion of the 
air may be recirculated, and the remainder taken from the outside. 


609. Building warming by indirect heating (Fig. 530) 
consists of heating air, by causing it to pass over a hot radiator 
and then leading the air through suitable ducts to the room 
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which blow a,ir througli oxt.<‘iided-«urface steam-heated 
radiators. 

611. A pipeless warm-air furnace (Figs. 127 and 532) 
circulates the air hy (‘onvcud ion. With a fire in the fire pot, P, 
(Fig. 532) tlu' air in the chamber, (7, upon being heated, expands 
and is pushed u|)ward into tlu' room !)y the now-heavier cold 



air in the outer casing. The cold air is thus drawn from the 
room and replaced by the heated air, which warms the room. 
The circulation of the warm and cool air through the building 
is represented by the arrows in Fig. 409. 

612. The usual type warm-air furnace has warm-air pipes, or 
ducts, which conduct the warm air to the room registers and 
lead the return air back to the furnace. Modern warm-air 
furnaces are arranged for oil burners and provided with blowers 
to force positive air circulation. In these units air filters 




Fig. 634. — Xioowi vontilafcioii— 
warm air iiitroducod at bottom, diw- 
charged at toji. 


Air introduced on side, 
di.seharged at top. 


Fia. 636. — Air‘ introduced on mhIo, <liH- 
chargcd at oppowito ssiclo. 

Fui 

!. 637. — Air ndiuii-((>(i on side, dis- 
cliarg<*<i near bottom. 
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614. The hot-blast or plenum system of building warm-- 
ing (Fig. 540) is pa.rticiilarly adaptable? for warming such rooms 
as are to be occupied by a largo number of persons, thus 
necessitating the introduction of a considerable quantity of 
air for ventilation. The cold air, which is taken from the 
outside (Fig. 540), first passes through a radiator or tempering 
stack, T. 

Explanation. — In passing throiigli T, tlic air is warmed so that in cold 
weather there will bo no tendoiKjy to freeze the air-washing and humidi- 
fying water IK. AnotluM- function of T is that, by raising the temperature 
of the air before the air pa.sse.s through \V, it causes the air to absorb more 
moisture than it would if it wean; (?()Id when passing through TK. Thereby 



Fig. 640. — Plenum system of school-i'oom heatinpc and ventilating. (American Radiator 

Co.) 

the relative humidity (Sec. 331) of the air in the rooms is increased. 
The air now passes from IK and into the power-driven blower, E, by 
which it is forced through the main heating stack or radiatdr, H, the 
warm-air duct. A, and into the room or rooms to be heated. The air, 
which is cooled in the room, passes from the room to the outside of the 
building through the cold-air register, C. Supjilementary steam-heated 
wall radiators are employed in this installation to heat the cold air which 
filters tl) rough the windows, thus keeping the floor warm. A by-pass 
damper, P, is provided for controlling the room temperature. This it 
does by permitting the introduction of “tempered’^ cool air when neces- 
sary. These dampers are controlled pneumatically by the action of the 
automatic thermostat, G, * 
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615. Unit heaters are of two t.yfx's: susix^nded units, Fig 
542, and floor-typo units, 541. Iduy arc used mostly 
for heating indust ritil (\stiiblishnients, fiudoricvs, garages, and 
stoi’es. Both typos opcuath^ on tlio sann^ i^riia-iple, that is air 
taken from the room is foianal over <^xt<nvd(Hl-surface steam- 
radiator elements and discharg(‘<l at r(‘lat.i\'ely high velocity 
(400 to 1,000 f.p.m.) into the spa(*o to Ix^ lieatcd. The high 



velocity of the air oven- the radiator and its (extended surface 
result in high heat transfer and h<m(*e large (aipa(dty from rela- 
tively small units. Vanes at tlie outlet of the heater direct 
the heated air (usually at ((nnpi'rafurc^ b(dvvv(xm 105 and 130°) 
so that it does not strike any of the <)<‘.<‘u|)a-nt.s in the room. 
The high velocity also carries tlu^ air well away from the unit, 
causing turbulence and uniform heating. In large spaces 
several units are placed about the room to promote uniform 
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heating of tho entire area, as in Fig. 543. Suspended units 
usually have propeller fans; floor units usually have centrifugal 

blowers. 



Fia. 5*12. — Typical Huttpeiided xiuit lieator. 
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^ 616. Advantages of unit heaters are that they (1) requne 

less piping, (2) give quicker heating of space to be heated 
(3) can be used in summer for cooUng, (4) give ease o contr.^ 
by starting or stopping the fan motor either 
a thermostat or manually, and (5) are 

617. The quantity of ait required for buildmg warmmg 
may be computed by the foUowing formula: 
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temperature therein, must (Sec. 561) be equal to the quantity of heat, 
Qf, lost from the room per liour. Or, 

(364) — ^a) = Qr (B.t.u. per hr.) 

Transposing For. (364): 

(365) V = 

Which is identical with For. (363). 

Example. — If the temperature of the air leaving the register is 130° F., 
how many cubic feet of air will be required per hour to maintain the room 
■ of the Example under Sec. 574 at a tcmiiorature of 70° F. ? Solution. — 
By For. (363), tfie quantity of air required, V — 55 Qt/{Ti — T 2 ) — 55 X 
28,920-^ (130 — 70) = 26,510 cu. ft. per hr. 

618. The requisite temperature of the incoming air in 
a room may be computed by the following formula. This 
formula is obtained by a transposition of For. (363). 

(366) Ti = + Ti (degrees Fahrenheit) 

Wherein all symbols arc as explained under For. (363). 

Example. — A certain school room, which is to be warmed by warm air, 
has a heat loss of 50,000 B.t.n. per hr. when the room temperature is 
70° F. It is to be occupied by 30 students. What should be the tem- 
perature of the incoming air to maintain the room temperature at 70° F. ? 
Solution. — The quantity of fresh air required for ventilation = 30 X 
1,800 = 54,000 cu. ft. per hr. If each person emits (Sec. 561) 400 B.t.u. 
per hr., the net heat which 7nust he supplied = 50,000 — (30 X 400) = 
38,000 B.t.u. per hr. By For. (366), the temperature of the incoming air, 
Ti = (55Qr/7) + = (55 X 3^000 ^ 54,000) + 70 = 108.7° F. 

619. Either All Or A Portion Of The Air In An Indirect 
Heating System May Be Taken From The Outside ; It May All 
•Be Recirculated. — In warming rooms which are to be occupied 
by only a few people, the infiltration air (Sec. 570) may be 
sufficient for ventilation purposes. In such cases all of the 
air which passes through the furnace may be taken from 
within the building as in Figs. 127, 410 and 532. If infiltration 
is insufficient for proper ventilation, all of the air may be taken 
from the outside, as in Figs. 530 and 540. Or, as shown in 
Fig. 531, only a part of the air may be taken from the outside. 
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As will be d(^nu)!i,si rjit.ed by (h<‘ follow in<;- (‘Xjimple, a large 
heat-saving may Ix.^ <‘lTe(*t(Hl by reeireulating a portion of the 
air. 


Note.— The most satiskactohy n’EMTERATiTHE poii the air as it 
ENTERS THE ROOM. .FROM A WAiiM,-AiR RE(Jis'i’ER. luis btHTi fouiid by experi- 
ence to bo between 130 iiiul 140‘^ .I*'. 

Kxaaiple. — A n ofli(‘e room oecnpicHl liy 10 ix'rsons has, with a 70° F. 
inside temperature and 0*° .F. i>utsid('s bnuperatun', a. heat loss of 36,000 
B.t.u. per hr. The temireratun^ of the air issiiinp; from the register is to 
be 140° F. Under these e.ond.itions, how much f rtssli air should be broiiglit 
in from the outside per hour? .How nuu-.ii may be recirculated, and what 
is the heat-saving effected by such recinuilatit>n? 

SoEUTioN. — By Sec. 573, allowing. for tlu^ lu^a.t given off by the 10 
people in the room, 3(>,000 — (10 X 400) = 32,000 B.t. u. per hr. must he 
supplied the room by a,rtilicial means to main tain a. 70° F. room tempera- 
ture. By Sec. 575, 10 X 1,800 = 18,000 cu.jL of air per hr. which should 
be brought in from the outside', for v(‘utiIa.t.ion. The total quantity of air 
to be circulated is, by For. (3t>3), V = 55Qr/(7h — T-f) = 55 X 32,000 -v- 
(140 — 70) == 25,150 cu. ft. per hr. Tlu'nd'oix^, (25,150 — 18,000) = 
7,150 CU. JL per hr. can be re(‘.irculat(ui without imi)alring the wntilation. 
Since this 7,150 cu. ft. per hr. U'avc's the room arid ('liters the furnace at 
70° F., it is only necessax*y to supply suffutumt lic^a-t to it, to raise its 
temperature through (140 — 70) = 70° F., wlu'rc'as if it wei’e taken from 
the jDutside a temperature incrcrase during smu're winter weather of 
(140 — 0) = 140° F. wmuld be recpiired. Then'fore, a saving of (7,150 4- 
55) X (140 — 70) — 9,100 B.t.u. per hr,, is, in this instance, effected by 
the recirculation. Witliout rc(‘.ircuhiting any air tlu'ix'. would lie required 
(25,150/55) X 140 = 04,108 B.t.u. per hr. Mcncc^, the. saving, in this 
instance, == 9,100 -4- 04,108 == 0.142 or 14.2 per cent. 

620. The ratio between the quantity of heat supplied 
to the wartning-air and Qt luay bc dedtn-minod by: 


(367) 



n)T« + (7b.- - TdVe 

- - 7 '.) + 


(number) 


Wherein all temperatures arc expressed in degrees F'ahrenheit 
and: Qt = quantity of heat, in British thermal units per 
hour, lost from the room avS computed by For. (366) or (361). 
X ” ratio between the quantity of heat Qe, siq) plied by the 
furnace to the warming-air, and Qr. Qe = heat, in British 
thermal units per hour, supplied to the warming-air by the 
furnace. Te = temperature of the air leaving the furnace 
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cap. .To == toinpc^riit.uro of th(3 outeide air. = room 
temperature. Ti = temperature of the air leaving the warm- 
air register. Vo = quantity of air. In cubic feet per hour, 
taken from th(^ outside. F<? — quantity of air, in cubic 
feet per hour, whicvh is recirculated. H = quantity of heat 
in British thermal unit.s per hour supplied by occupants, 
lights, etc. 

Derivation. — Siin^o (Stic. 57.5) it rctxuires 0.02 B.t.u. to raise the 
temperature of 1 cu. ft. t)f air 1“ P., the total quantity of heat, in British 
thermal units per hour, supplied hy the f urnace to the air which is brought 
in from the outside = 0.02(7V — To)Vo- The heat, in British thermal 
units per hour, supplied hy the f wrnace to the air which is recirculated — 
0.02(2^7;’ — T 2 )Vc. Then, the total heat, Qi.', in British thermal units per 
hour, supplied hy the f urnace to the warming-air = 0. 02 (Tji’ — To) Vo + 
0.02 (Tir — Tf)Vc. The total quantity of air, in cubic feet per hour, sup- 
plied to the room == (Fo + Fc). Tiie total heat supplied to the room 
must, to maintain a constant tempeniturc therein, be equal to the heat 
lost by the conduction through partitions and the infiltration (Sec. 563), 
which is Qr. By definition, X = Qf/Qt — [0.02(Ti?’ -- To)Vo + 
0.02(!ri!’ - T 2 )Vc]/(Vo + Vc)(Ti - !ro)0.02 + H which, when simpli- 
fied becomes For. (367). 

Note. — The maximum temi'erature conbitions usually assumed 
IN warm-air eurnace computations for substitution in the above 
formula are: (1) T'emperature of air leaving furnace cap, Tf — 180° F. 
(2) Temperature of outside air, To = 0° F. (3) Room temperature, T 2 = 
70° F. (4) Temperature of air leaving warm-air register, Ti = 140° F. 

621, The requisite grate area for warm-air-furnace building 
warming is dependent upon: (1) Inside-outside temperature 
difference. (2) Temperature difference between the air leaving 
the fm'nace cap and the air leaving the warm-air register. (3) 
Quantity of air recirculated. (4) Heat value of the coal. (5) 
Furnace efficiency. (6) Rate of combustion. The grate area 
which will be required for warming any room or building 
may be computed by the following formula: 

(368) 4 (sq. ft.) 

Wherein: A = grate area, in square feet. X = ratio between 
the quantity of heat supplied to the warming-air and the 
heat given up to the room or building as determined by For. 
(368). Qr = heat loss, in British thermal units per hour, 
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from tliG room or ]>uiKling, as d<MGrniin(‘d by For. (356) or 
(361). W = weight of the (‘oal buriu^b hi pounds per hour 
per square foot of grat(^ surfaei^ E == furnace-and-grate 
efficiency ('X|)r(\sscd dc(‘iinally. H — luait value of the coal, 
from Table 451, in British tlun-mal units p(‘r pound. 

Derivation. — The total hoa,t hour l>y the combustion 

of the fuel iii the furnace is ecnial to; (Area (*/ the grate in square feet) X 
(Number of pounds of coal burned per hour on, eacJi square foot of grate 
swface) X (Peat value of the coal in, British ttiennal units per pound). 
And this nuilti})lied by thcs frai‘tit>nal pari, (vf tlu^ h<mt, E, wliich is trans- 
mitted to the wan'miog-alr (rurna.ct‘-a,iul“grnte cllidt'iicy) nvsults in the 
total heaty Qfj in BrUish thermal units per hour, supplied to the warming- 
air by the f urnace. 10xj)ressing tin' al)OV(‘ syuibolieally, wherein all sym- 
bols are as specilied under For. (3hS): 

(309) Qf — AHWE (B.t.ii. per hr.) 

Transposing For. (369): 

(370) rrwF (square feet) 


By For. (371), Qf * XQi Buhstit.uting this value of Q/.- in I^r. (370); 
(371) - (square feet) 


Which is identical with F\>r. (368). 

Note. — Values usually assumeix in waiim:-aih iurnace compu- 
tations for substitution in For. (368) arm (1) Heat value of the coal 
(anthracite), H, = 12,000 B.t.u. per lb.; also set*. Tahh^ 45!. (2) Weight 

of coal burned, W, usual rate ~ 4 lb. per hr. per sq. ft. of grate surface; 
maximum rate in extremely cold weather = S Ife per hr, per sq. ft. of grate 
surface. ’ (3) Purnace-a'nd-gratc efficiency, E, ■-= (K.) to 70 per cent.; see 
Table 580. 

Example. — Basing the cionu)uta.tion on th<‘- usual jissumptions, what 
grate area will be required to warm a. building whitOi has a. heat loss of 
101,800 B.t.u. per lir., if 25 per tumt. of ilu' air is to be recirculated? 
Assume no heat given up by occ.upants or lights. 

SoLUTlON.-™By For. (365), the quantity of air required, per hour == V = 
55 Qt/(Ti - T2) == 55 X 101,800 (140 - 70) = 80,000 ca. ft. The 

quantity of air recirculated. To — 0.25 X 80,000 — 20,000 cu. ft. per hr. 
Therefore, the quantity of air which must be brought in from the outside, 
Vo = 80,000 - 20,000 =« 60,000 cu.ft. per hr. liy For. (367), X = [(Tf 
- ToWo + (Tf - Tf)Va]/[(Vo + Va)(Ti - T,)] - 1(180 - 0)60,000 + 
(180 - 70)20,000] 80,000(140 - 70) =« 2.3. By For. (368), the 

required grate area, A «= XQr/HWE == 2.3 X 101,800 (12,000 X 8 X 

0.65) = 3.75 sq. ft. 
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622. The proper size of the air ducts and the registers 
may be computed upon the following basis: It is ordinarily 
assumed that the air vekxdtios in the warm-air ducts in gravity 
warm-air heating systems are: (1) First floor, 4 ft. per sec. 
(2) Second floor, 6 ft. per sec. (3) Third floor, 8 ft. per sec. 
Therefoi'e, the size of the warm-air duct may be computed by: 

y 

(372) A = (square feet) 


Wherein: A = area, in s<iiiarc feet, of warm-air duct, v = 
velocity, as above specified, of air through duct, in feet per 
second-. V — volume of air, in cubic feet per hour, as com- 
puted by For. (363). 3,600 = number of seconds in one hour. 


Note. — The overall area of the warm- air registers should be 
from about 1.5 to 2 times the aniu of tiio warui-uir duct, depending upon 


the amount of free urea of the register. 
The areas of tlic cold-air dii(;t and 
register should be a])out 0.75 times 
those of the warm-air duct and register, 
respectively. 

Note. — The allowable air velo- 
city FOR FORCED-DRAFT WARM- AIR 
HEATING (Sec. G14) may, if the warm- 
air registers arc placed above the heads 
of the occupants, be as high as 10 to 12 
ft. per sec. 

623. The direct-indirect meth- 
od of building warming (Figs. 
545 and 546) provides for the 
circulation of either inside or out- 
side air through a radiator of the 



flue type. The radiator is con- fig. 
nected to the outside air by a cold- 


545 . — Diagram of direct-indi- 
rect heating radiator. 


air duct, A (Fig. 545), and to the inside air by a box base, B. 


The surface of the radiator which is exposed to the room gives 


off heat by radiation and convection just as does a direct- 
heating radiator. The cold-air which enters from the outside^ 
passes, by convection, up through the vertical flues, thus 
supplying heat to the room in the same manner as an indirect 
heating system. By adjustment of the dampers, Di and D 2 , 
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the proportionate amounts of outside a,iul insider air which are 
circulated may ho vtu'iod as ck^sircHl. ’'Flie direct-indirect 
heater, Fig. 546, has a. hlowfu* which providc‘s forced circula- 
tion and auiomatit^ damp(U‘s. T\u^ mixing daniper controls 
the temperature of the Iea\dng air. 


Baffle i". 

Mixing ,|... 

Damper j 

Mofon driven 
Fans '''-.P? 

Fresh A'lr cmdh, 
RecirculafionX' 
Damper | 

Redrcalalion | 
QriUe j. ' 

Pneumcific^ 


Discharge 
Grille 

|< X.i4"—> 

S3 




Automafic Conirol 
of A lixing Damper 


Control of Fresh 
At rand Recircufafton 
Damper 

Fio. 546. — Ventilating nnii. with radiator for heating < 


‘.f 

WaH Box with 
Sfationary Louvres 


cooling and (gmtrols. 


624. The rate of heat emission of an electric heater (Fig. 
494) may be coini)utcd l^y the following: 

(3^3) Q = Watts X 3.415 (B.t.n. per hr.) 

Wherein: Q == heat given off by luuittu*, in British thermal 
units per hour. Electric heaters ar<^, wluui considered upon 
the basis of the projiortion. of the (‘kudrit'at-energy input to 
the heater to its heat-emu'gy output, lOO pen- (umt. efficient, 
since all of the electrical energy consumed is transformed into 
heat energy. 

Example. — S ince the room of Fig. 497 niCfuircH 28,020 B.t.ii. per hr. 
to maintain it at 70° F., the rate of (leetri(;a.l encugy (hxponditure or the 
power necessary to thus maintain it at 70° F. would hc-~transposing 
For. (373): Watts - Q/3.415 - 28,920 3.415 8,408 watts. 

QUESTIONS ON DIVISION 17 

1. Why is artificial building wanning ncccsHary? 

2. What are the principal factory whiedi mimt he considered in planning a heating 
system? 
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3. Name three di.st iiict sourcM's <jf huiltlinK wanning. Which ia the most important 
source? 

4. Name the tiiree iiuM ht)tl.s of (,riiu.sfcreiic(> whereby heat may bo tranamitlod to a 
room. 

5. If a conatant t(‘mperutur<^ is ii ntaino<l within a room, to what must the rate of 
heat-supply thereto be eciui valent? 

6. What is the proc.edure in desiffiiinfl: a heatiiip; installation for a room or building? 

7. In what three W'ays is heat lost from a room or building? 

8. What factors deteritiino the quantity of heat which is lost from a building by 
conduction? 

9. What aro tho usual inHide-oul..side tomporaturo-dilTorenco assumptions which are 

made in building-wanning comi,)utationM? i 

10. What aro the factors which detonnino the infiltration heat loss from a room? 

11. Explain how the direction of exposuns affects tho loss of heat from a building. 
What method is used to compute tin* Innit loss due to exposure? 

12. How many British thermal units of heat are required to raise the temperature of 
1 cu. ft. of air 1® E.? 

13. What is tho rate of fresh-air supply wliich should be allowed for each occupant 
of a room? 

14. Derive tlio general fonmila for compiiting the total heat loss from a room. 

16. Derive Carpenter’s formula for heat loss. 

16. What is the maximum percentage variation which may be expected between 
results as obtained by the api)lieatiou of tlio general and Carpenter’s formula to the same 
building? 

17. What is the. rate of heat supply to a building by each occupant? By each lighted 
electric lamp? By each motor? 

18. Explain the elTect of humidity on tho comfortableness of a room. What should 
be the relative humidity within a room? ExE)laiu effective temperature. 

19. Name several ways by which moi.sturo may be supplied to a room. 

20. What are tho priuciEml methotls of warming buildings? Define each. 

21. Name the moro common types of apparatus which are used for building warming. 

22. Give a graphical statemout of steam and hot-water heating-plant efficiency. 

23. Give a stimmary of the applications, advantages and disadvantages of the various 
methods of building wanning. 

24. What is the i:)rincipal means by which heat is transmitted to a room by an open 
grate fireplace? By a stove? 

26. Explain by a sketch an economical method of fireproofing the adjacent surround- 
ings of a stove which is located within a wooden building. 

26- What aro some of tins advantages which hot-water and steam-heating systems 
have as compared to warm-air? What arc some of the disadvantages? 

27. What two sy.stcius may be employed in hot- water building warming? For what 
condition is each system applicable? 

28. Explain with a sketch the principle of tho gravity hot- water heating system. 

29. Name three methods of piphig which are employed in hot-water heating. Make 
a sketch of each. 

30. Why is an expansion tank necessui’y in a hot-water system? Explain two methods 
of expansion tank oiJoration and give tho usual average radiator temperature employed 
with each. 

31. How are radiators i-ated? 

32. In what throe ways may direct steam-heating systems be classified? 

33. How may the condensate bo returned to the boiler? 

34. Name three methods of piping which are employed in steam heating. Make a 
sketch of each. 

35. Give the pressure-classification limits of steam-heating systems. What is the 
average steam pressure, in pounds per square inch, within direct-heating steam radiators? 

36. Define the vacuum system of steam heating. 

37. Why is it frequently economical to employ exhaust steam for building warming? 

38. How are heating systems controlled? 

39. Explain the effect of an orifice in the radiator inlet. 
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40. What is t,ho advaiiiaKo of a Uoatiup; sysUan? 

41. Draw a skci«di of and <‘X{)lain f‘U(di of tho t wo principal mcl hods of indirect heatin 

42. For what condition is each nadhod applicahle? 

43. Derive ilie forniida for coinpniin^'; t.ht‘ (.pianiity of ;iir re<iuin;d for building warm- 
ing. Whafc is ilu‘ most economical value at whi(di to maintain the tenii)erature of the 
air leaving hot-air register? 

44. Explain witli a numerical example how a lieai saving is (dha^ted by recirculation 

46. Derive the formula for obtaining the re<iuisite gratis annul for warm-air furnace 

heating. 

46. Draw' a sketeh of, and explain lh(‘ direct-indirect nudhod of building warming 

47. (live th<i formula for computing tin' <piantity of beat, (unitbul by an electric heater 

PROBLEMS ON DIVISION 17 

1. The living room of a residmus^ is M ft. wide, by IS ft. long, by 10 ft. high. The 
room has a southeast exposun*. d'lien" is 100 S(|. ft. of window surface. Assuming an 
inaide-outsido t,emp(‘ra,ture diiTemmee of 70® F., what, is tin* hourly lu'at loss from the 
room? (Use Oarp(*nt.(U’’N formula.) 

2. What (luantity of luuit will be reipiin'd to r;iis(' t in* tcmp(‘rat un* of 30,000 cu. ft, 
of air from 0® lA to 70® F.? 

3. What quantity of beat should be allowed for warming the ventiljition air for 150 
people? 

4. A aocoud-story odlw* room is 20 ft. by 20 ft. b.s' 10 ft. h'or how many persons 
would the infiltration air iirovidi* siiillcient. ventilation? 

6. Forty persons are working in a. room of a. textile mill which contains a line shaft 
to which 75 hp. is Bupplied. 'Flu!! romn is lighte<l by .sixt<*en lOO-wiltt electric lamps. 
What will bo the rate, of luuit supply to tin* mnnu p<*r hour by tln'st* faet.ors? 

6. A wurm-air-furnace beating install.'itiou has an overall (‘tlieiemiy of 55 per cent. 
The hourly heat loss from the building is 50,000 B.t.u. How imuih U,500-B.t.u, coal 
must be burned per hour to supply this lu*!vt. loss? 

7. The total heat loss from .a building is 158,000 B.t.u. p(‘r hr. How much equivalent 
steam-radiator surface will he re<tnin*(l to maintain a <*onstant l(*niperature therein, if 
steam at atmospheric pressure is us(*d f(U' warming? 

8 . What grate area would Ix! r(f((iiir(‘d for tin! boiler to warm tlu! building in Prob. 
7, if the boiler-and-grate eflichimiy is 01) p(‘r C(*nt., ;uid if 7 jb, of eou.1 wdnch has a heating 
value of 12,500 B.t.u. per lb. an*. Imrru'd p<*r hour on (‘aeh sqmin* foot? 

9. What volume of air will be nxiuired per hour to warm a. building wdiich has a 
total hourly heat loss of 70,000 B,|..u., if tin* ti'intx'rat ur<*s of tin* air at the warm-air 
and cold-air rcgist<!rH arc, respec.tively, 135® b’. and 05° 1*’.? 

10. If 20 per cent, of tlie air reipiired for warming tin* Imihling in Froh. 10 is recircu- 
lated, what is the ratio betw(M*n the quantity of lu*at suppli(‘d to the warming air and 
that which ia required to maintain constant room tenquTatmx*? The temperature of 
the outside air is 0° F. and that of tin* air huiving tin* furnuct! cap is 180® F. ■ 

11. What grate area will the warm-air furnaci* of Prob. 1 1 re({uin* if 8 Ih, of 11,000- 
B.t.u. coal is to he Imrned per wpuin* foot of grate Hurfaci*. per Innir? Assume afurnace- 
aiid-grate elliciciicy of 05 per cent. 
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REFRIGERATION 

625. Refrigeration is in general the process of cooling bodies 
or, more specifically, it is the process of keeping the tempera- 
ture below that of the atmosphere. But, since cold is just 
the absence of heat, refrigeration may be defined as the process 
of extracting heat. By this latter definition, it is apparent 
that refrigeration is not a science by itself but is merely a 
division of heat engineering. Consequently, it utilises the 
same general laws that apply to steam engineering, heating 
and ventilating, and all the other branches of heat engineering. 
In studying the subject of refrigeration, it is desirable that the 
reader connect it with the fundamental principles of heat 
which were discussed in the preceding divisions of this book. 
If the subject of refrigeration is studied in this manner (by 
applying the fundamental principles of heat) it can be easily 
mastered. 

Note. — Refrigeration Is Just The Reverse Process Op Heating 
And They Both Occur At The Same Time. — The radiator which is 
at a relatively high temperature in a room heats the room, but at the 
same time the room cools or refrigerates the hot water or steam in the 
radiator. This, however, is called a heating process because the object 
of the radiator is to heat the room. Now the cooling coil in a cold- 
storage room of a refrigerating plant cools the room, but the room and 
its contents heat the fluid in the cooling coil. In this case the process is 
the reverse of that which occurs in the heating of the room by the radiator. 
It is called a refrigeration process because its object is to cool the room 
and its contents. 

626. Refrigeration Is Used In All Industries Where The 
Cooling Or Freezing Of Substances Is Desired. — It is 

chiefly used, however, for: (1) Preserving foods. (2) Man- 
ufacturing ice. (3) Cooling air. These three uses are 
probably known to every one. It is almost universally known 
that trains are equipped with refrigerated cars (Fig. 547) for 
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the shipment of perishable foods; that shii)s (Fig. 548) are 
(xiuii)ped in a similar mamun* wit-h refrig('ration plants; that 
almost every home lias an ice-box (Fig. 549) for cooling drinks 


^*-ParfiHon 



and foods; and that in tlu^ sumnun- tJu^aters (Fig. 550) 
and other large buildings ai*c supplic'd witli cooled air. 

Notk. — Besides the above commonly known uses of kefrigera- 
TION there are many OTiiKUfS, Bot SO conuiiouly known. Examples 
are: the use of refrigeration for the r(‘.inoval of certain paraffin products 



Fig. 548. — Cross section of sliii) etjuipjXKi with r('’frifft‘rntioi> plant for the shipment of 

periahablo XoodH. 

in the refining of oils; its use in the manufacture of photographic films; 
and its use in shaft sinking in freezing a ring of quicksand so that an 
excavation can be made through the material. These examples are 
given to show the broad application of refrigeration and how its develop- 
ment has influenced many industries. 
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Fig. 550.— Air conditioning and cooling eciuipment for an auditorium, enters 

at F. and, in cold weather, ie warmed by coils, G and H ** 

through the washer, .T, and the separator baffle plates A, m which 
is removed. The air then enters the fan, B, and after leaving it, the a ^ 
o£ two paths. It may either flow through the heater, B, which serves ‘ ture inrt 

it can flow through the cooling coils, 0, which oool the air and 
and the eliminator or separator, B, which reinoves the moisture. 

K, are used to get a proper temperature of discharged air. 
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627. All Refrigeration Processes Are But The Reverse Of 
Heating Processes And The Fundamental Requirements Of 
Both Are The Same.— Most of tiic^ fiindainontal principles 
given in Div; 17 relating to iu'a.t ing an<l vcniiilation apply in 
general, to r(‘rrig<'ra.{ion. In Div. 17 on Ihiilding Heating 
it was shown that the chief n't}\iin‘nu‘ul s for a good heating 
system are: (1) A wrlHinmiatnl parhneut or room; the 
better the the S7n<iller the heat'-gene rating unit required. 

(2) A furnace at a higher temperature than the room and large 
enough to produce or ge)ierate sufflchuU heal to CiUnpensate for 
the heat losses by conduction and iufiUration. (3) A carrier or 
medium that will couvey the heat from the furnace to the room 
to be heated. (4) BuJIlcietd heating surface so that the heat 
generated in the furnac(‘. can be transferred at the desired rate 
to the heating m.ediu'ni. 'Thc^ similar <’hi(l' r(H|uiremcnts for a 
good refrigeration systc'in a,r(.‘: (I) A welhinsvlaied compart- 
ment or room; the better the insulation the smaller the heat- 
absorption unit required. (2) A sul>stanrr that %vill ahsorh 
sufficient heat at or below the required bon }>eralure in the room 
to compensate for the comluction and injUtration losses. (3) 
A carrier that will convey the heat from the room to the cool- 
ing suhstamcc or mediuni. (4) Enough cooling surface so that 
the heat in the room can be transferred at the desired, rate to the 
refrigerant. Furtlu'r similarhy a.nd also th(^ disparity of the 
heating and r('frig(M*a.i ing proe.(\ssiis will Ix^ discnissed at various 
other places in this division. 

Note. — By is meant tlu'. working fluid that does 

the original cooling at the low kunpera-tun'- at a. tt'niptu'ature lower than 
that of the substance to be coohaL Wh<a*(^ is used, the ice is called 
the refrigerant, while in vai)or and gas proe(‘ss<\s the va}>or or gas is 
called the refrigerant; although th(‘. comhaiscu' cooling water absorbs heat 
from the va-por or gas, it is not caJled th(‘ rctrigta'ant IxM'.ause it absorbs 
heat at a higher teinp(n-a.tur(‘ than that ol tiu^ coohnl substance. 

Note.— A rbfrioeuatou is a Ixox or room for k(Hu>ing food or other 
articles cool. It includes a n^frigxwa.tx’id spacij a, ml the surrounding 
insulation walls. 

628 . To insure maximum economy, a refrigerated space 
should be surrounded by good heat insulation ; see Figs. 548, 
549 and other illustrations in this division. It has been 
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shown in Sec. Ill that heat will pass through^ — or be con- 
ducted by— any substance, but that some substances are 
better heat insulators — poorer conductors of heat — than other 
substances. If these insulators, some of which are relatively 
cheap, are placed around a refrigerated space, less heat will 
leak into the rofrigeratcid space. Consequently, the amount 
of heat that must be absorbed from that space will be greatly 



Fia, 551. — Jackson system of cold storage. 


decreased. In building warming, heat insulation likewise 
reduces the amount of heat (Sec, 568) that must be furnished 
to the building. But good insulation is iio't such an important 
a factor in building warming as it is in refrigeration because 
the cost of delivering 1 B.t.u. to a building is only about J4o of 
that of abstracting 1 B.t.u. from a room or building. It is 
because of the high cost of absorbing heat that a considerable 
investment for good heat insulation is justified and economical 
in refrigeration processes. Even small family '^ice boxes 
(Fig. 549) are well insulated. 
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Note. — Variou.s materiat.s have been' used in refrigeration 
FOR HEAT iisrsuLATOUs hilt t.h<* rollowinj*: a.n‘ Mk^ most important ones 
1180(1 ill co!(l-.sioriip:<‘-room wiills; (*ork, wooil, pa|)<n*, mineral wool, shay- 
irigs, wood saw-dust, and air spacers. TliC' (*ross-so(‘tion of a cold-storage- 
room wall is shown in dig. ool. If tlio timipm-atun^s on the two sides of 
an insulatc'd wall a,rt^ known, th(‘ ra,t(^ at whicdi lu‘a.t will pass through 
the wall ma,y be caUnilatod by th(^ nud.hod given in Divs. 5 and 17 and the 
values given in Tables 125 and r>(>9. 

629. The many methods by which refrigeration can be 

accomplished may be divided into two classes: (1) Natural 
refrigeratioih (2) Mwltunical refngcraUon processes. 

Natural relrigerartiou pr(>(‘t‘ss(‘s a-r(^ tliosi^ in which a body is 
cooled without any in<‘(‘ha,ui<‘al w'ork being done during the 
procCvSS. Ill tlu^se, Uu‘ cooling is acconifjlishial by evaporating 
or melting th(^ refrig(‘rMnt; tluu’eby alisorbing an amount of 
heat; equal to the hitcnit. heat of (‘va,])oi‘a,l ion, or melting of the 
refrigerant (Sc'cs. 289 a.ud 328), from th(‘ body to be cooled. 
Mechanical refrigi'ration ])roc(‘ss(‘s are those processes in 
which mechanical work is doiu^ in cooling a body. These 
processc^s also usually cool by alisorbing the latent heat of 
evaporation of the niVigm-ant (which is usiwl over and over 
again) but work is doiu^, as will be (^xiiIaiiuHl, in bringing the 
refrigerant bac‘k to its oiiginai state. In some of these 
mechanical processes, a,s, for (‘xa.inpU , in tliose employing the 
air-machine (Sec.. 655), cooling is not iKu-omplished by the 
absorption of the latent luxit- of a vapor but by the absorption 
of the sensible heat of a gas. 

Note.™Thesi3 two classes of reerioeration .ceooesses may be 
COMBINED, as vvlum inamifacturtHl or artilkial ic.c is u.sod in a. refrigerator. 
In this ease, a m^ciuxnieal refrigeration i)ro<u‘.ss is UKcd to produce the ice, 
while a natural refrigeration lu'oeess is usirI when the substances in the 
refrigerator arc cooled by the ice. 

630. There are three natural refrigeration processes: (1) 

Cooling by surface evaporation; (2) Cooling by the melting of 
solids; (3) Cooling by freezing rnixtures, 

631. Natural refrigeration by surface evaporation is one 
of the simplest methods of cooling a substance (Sec. 300). 
This method has been us(r 1 for ages and is still used. In this 
method the surface of the vessel containing the material to be 
maintained cool, is kept wet with a thin film of water. If 
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drinking water is to be kept cool, a porous vessel may be 
used through whicdi the water seeps slowly. Then the water 
that comes through to the outer surface of the vessel evapo- 
rates, and absorbs its latent heat of vaporization from the 
vessel and the drinking water within it. In this way the 
surface of the vessel and the drinking water within are kept 
cool. Other substances may be cooled in the same manner 
by supporting them within the jar above the water. Thus the 
cooling of the water cools the other substances. In a similar 
manner, the sprinkling of hot pavements in the summer affords 
a cool feeling of relief — because of the surface evaporation 
of the water on the pavement. There are many other simple 
examples of cooling by surface evaporation, for which see Sec. 
300. This process, however, has never been utilized on a 
large scale except in power-plant cooling towers and ponds. 
Sec. 293. 

Note. — When water evaporates from the stjrpace op a vbssee, 
the evaporating water does not boil but evaporates slowly at the wet-bulb 
temperature. The latent lieat of vaporization which is absorbed will 
then be that which corresponds to the wet-bulb temperature. See Secs. 
296 and 313 for definitions of “boiP' and ‘^evaporate. 

Note. — The minimum temperature obtainable by surface evapo- 
ration IS THE WET-BULB-TTIERMOMETER TEMPERATURE, Sec. 334. ThuS, 
very low temperatures cannot, under ordinary conditions, be obtained 
by this method. Also since the wet-biilb-thermometer temperature 
depends on ‘the humidity (Sec. 333) of the atmosphere, the lowest tem- 
perature obtainable will vary with the humidity. 

Example. — It is desired to cool (by evaporation) water which is at a 
temperature of 60° F. by permitting it to trickle through atmospheric air. 
If the entering atmospheric air is at 70° F. and has a relative humidity 
of 40 per cent., and the leaving air is at 60° E. and 100 per cent, relative 
humidity, how much heat was absorbed by one pound of dry air and its 
vapor content? 

Solution. — From the psychrometric chart, Fig. 323, Div. 10, the 
point of intersection between the 70° F. dry-bulb temperature line and 
the 40 per cent, relative humidity line, shows that the wet-bulb tempera- 
ture under the initial given conditions is 56° F. It has been found by 
experiment that the heat content for any given wet-bulb temperature — no 
matter what the dry-bulb temperature — ^is always the same. Thus, the 
heat content for the air at any initial conditions is the .same as the heat 
content for saturated air at the wet-bulb temperature. This heat con- 
tent can be found from the psychrometric chart by following up the 
vertical dry temperature line, 66° F., until curve D is reached, then 
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following iilong th(^ horizontal lint^ to tho t'ft atid retailing the heat content 
from the scale 1), This value' is fouiul, f.o bt^ 23.5 B.i.ti. In this example 
the wet-bull) tempera/ture of the h'aving a-ir would— since the humidity 
is 100 per cent.— be the sanu^ as the dry-l mib tein {xu’ature, or 60* T. The 
heat content of the leaving a.ir ea.n Ixt obtairu'd in a manner similar to that 
used for the initial condition. That is, it (^an be obtahu'd by determining 
the heat content of dry a-inl sa.tura.i<*d air for tin' wt't-hulb temperature 
60* F. This is fgnnd to b(‘ 26.0 H.t.u. Thus, the heat which the air 
absorbed == 2().0 ™ 23.5 or 2.5 Bd.u. per lb. 

632. Watural Refrigeration By The Melting Of Solids Is 
The Most Common Of All Refrigerating Processes. — The 
solid whi(di is gxnuu’ully us(h 1 is ire. Ih'frigoratioh by the 
melting of icc was inorc^ ('xtcuisivndy eruploycal in the past- 
before other, bettx'r nu'lhods w(u*(i (lovtdoped — than it is 
at present. Tlie melting of i(*(g hown^ver, is still used to con- 
siderable extent for (‘ooling small rcd'rigxu’nlors, such as the 
family refrigcraix)r (Kig. 549) in which food stuffs are kept cool 
during the hot sumima' inoidhs but even this is rapidly 
being replaced by automali(* nu'chanic'al refrigxu-ation. The 
principle underlying the proexsss of refrigxu'ation l)y the melting 
of ice — or any solid — is simply tlu^ fa(*t that when a solid 
melts it absorbs its latent liont of fusion (8('c. 289) from the sur- 
rounding air or objects. Tlu' latmdi luxit of fusion of ice is 
144 B.t.ii. per lb. This amount of Iieat is, necessarily, 
absorbed from the surrounding su])sta.nces whenever 1 lb. 
of ice melts (see Sec. 290). Since pur(^ ic‘e inelis, under atmos- 
plicric pressure, at 32® F., the //mm/im/i trpiprraturo obtainable 
under ordinary conditions by nudl-ing* ice is 32® F. 

Note.— Ice Is The Most CU)isrvENiENT Souxu Fou Tires Process Of 
Refrigeration'. — While all solids, siu'h as iron a.nd h'ad, absorb heat 
when they are inelkul, still tlu'y cannot be usi'd Tor <u>oIing of)] eots below 
normal atmospheric temp(‘ra.tur(^, b('cause tlu'ir nudting points are too 
high — above average a-tmosixlu'-rie t<‘mp(‘rat.ur(‘. Otluvr sol idifii'd liquids 
could theoretically bo used for refrig<u-a,tion by allowing tluun to melt, but 
their melting ixoints arc so low (htdow atmospluuuc temperature) that 
they would melt during tra, asportation, tna.king tlu*m diflicult to handle. 
Besides, they would bo expensive. In aiidition, the; licpiid resulting from 
the melting, being more scxinxx, would have to bo saved. Until recent 
years, natural ice was widely liarvosted in winter and stored for use in 
hot weather. Now, however, artificial ice (See. 658) is largely eliminat- 
ing the necessity of natural-ice storage. Solid carbon dioxide is being 
used increasingly as a refrigerant. Here the solid evaporates directly 
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to a gas and the heat absorbed is both the latent heat of fusion and 
evaporation. The melting temperature of solid carbon dioxide (dry ice) 
is 109°. Upon melting it absorbs 240 B.t.u. per lb. 

Example. — An ice-box with an exposure or exposed surface of 40 sq. ft. 
has a leakage of 0.8 B.t.u. per sq. ft. per hr. The heat that must be 
absorbed from warm food which is placed in the box averages 60 B.t.u. 
per hour. What will be the amount of ice melted in the box in 24 hr.? 

SoLUTiON -.^ — Heat absorbed by ice in 24 hr. — (40 X 0.8 + 60) X 24 = 
2,208 B.t.u. Ice required = 2,208 144 = 15.3 Ih. 'per 24 hr., when 

latent heat of fusion of ice is 144 B.t.u. per lb. 




633. Air Is Generally The Heat Carrier In The Refrigera- 
tion Processes In Which The Melting Of Ice Produces The 
Cooling Effect. — In the family re- 
frigerator or ^^ice box'" (Fig. 549) 
and in the cold-storage room, cooled 
with ice (Fig. 552), the process is ^ 

essentially the same. The ice is 
placed in a bunker at the top of . 

the storage space. This bunker vbW 

either may be in the form of a V • ^ ^ - 

tank having one side removed ( Fig. -A:rDv.z-v . / , gj 

552) or it may be in the form of a [J; f 

tank having three holes in its |;;- 

bottom, one at the center and one S: v- / g;.; 

near each side (Fig. 551). Ample ^ 

spaces are provided between the ^ _ . _ l:¥ 

sides of the bunker and thci sides of 
the room to permit the air to cir- 

culate freely. The floor of the Fx«- 552 . -Ordinary system of cold 
11, 1 .1 1 • - storage. 

bunker is made watertight and it is 

heat-insulated from the storage space. The air in the vicinity 
of the ice is thereby cooled and creates a natural circulation of 
air, over the ice, through the duets, and across the cold-storage 
space. The natural circulation of air in a cold storage plant 


•mit the air to cir- 

The floor of the — ordinary system of cold 

storage. 


is similar to and is governed by the same general laws as the 
natural draft in a chimney; Sec. 256. The flow of air takes 
place because of the difference in pressures due to the differ- 
ence in temperatures (densities) of the air along its path. 
To insure maximum circulation, the temperature difference 
must be as large as possible. This is accomplished by insu- 
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latiiig the ducts aud making them aw long aw possible. The 
ratio of the height of the cooler to th<^ width between hot and 
cold air ducts should kc^pt aw gnaii aw is fcaisible. 

Notk.— The Shack Ok Thk Bunkkh CtitKATLY Akkects The Aie 
Circulation. — If tlu^ l>unk(‘r wit'o of t.h<‘ form of a t.ank without one side 
removed or wm-e without hoU'S in it-n bottom, t he tayld iicavy air would 
sink to the bottom of the bunker anti reniain thtuH^; tluui there would be no 



Fia. 553. — DexttM- MyHtciu of cold Htore^o. 


circulation. If the bunker had both wid(^s rtuuoved, the tendency 
woidd be for the air to flow off thcs ie.c: iti both dirtHdiouw, thereby giving 
rise to conflicting currents of air. Thes bunker tioor should be insulated 
to prevent cooling of tlxc air next to the bunker floor, which would hinder 
circulation. Note also the construction of the ice-cooled railway car or 
Fig. 547. 

Note. — In Some Arrangementb The Air Ox<’ The Cooler Does Not 
Come In Contact With The Meltino Ice. In this case, as shown m 
Fig, 553, the air is chilled by contact with the nietallic walla, which in 
turn are cooled by cold air passing over them. 
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634. The Refrigeration Processes In Which Air Is The 
Heat Carrier Are Similar To The Process Of Heating By 
Means Of Hot Air. — In both cases, air is the heat carrier 
in which the heat is, temporarily stored for transportation. 
In the warm-air heating system (Fig. 531), air is heated in the 
furnace or bunker coil and then passes through ducts by 
natural or forced draft to the registers in the rooms. In the 
rooms, as the hot air comes in contact with the cold windows, 
walls, etc., it gives up some of its heat. The now chilled air, 
because of its greater density, flows by gravity back to the 
furnace or the heater. This heating process is very similar 
to the refrigerating process described in the preceding section. 
Just as the success of the heating process depends on: (1) 
sufficient heatvng surface t7i the furnace, (2) sufficient coal 
to generate the amount of heat to be given to the rooms, and (3) 
proper air ducts to insure unrestricted flow of air, so likewise the 
success of the refrigerating process depends on: (1) sufficient 
cooling swface, (2) suffiicient amount of refrigerant to absorb 
the heat which must be taken from the room, and (3) proper 
ducts to permit unrestricted air circidation, 

635. Temperatures lower than 32° F. can be obtained 
with ^‘freezin^ mixtures” ; see also Sec. 287. Freezing 
mixtures, sometimes called cryogens, are solutions which 
produce a drop in temperature by certain endothermic reactions. 
An endothermic rcuKition (Sec. 157) is one whereby heat is 
absorbed. It has long been known that the addition of a 
foreign substance to a liquid often lowers its freezing point. 
This addition of a foreign substaxice to a liquid produces a 
freezing mixture. One of the most common examples is a 
mixture of salt and ice. The melting of the ice is reduced 
by the salt. Consequently, a mixture of salt and ice will 
give a lower temperature than 32° F. (see Sec. 287). Freezing 
mixtures of salt and ice are commonly used in ice-cream freez- 
ers. They have also been used in some cold-storage plants, 
as shown in Fig. 554. 

Explanation.— The arrangement of Fig. 554 consists, essentially, 
of a tank, T, for holding the freezing mixture, and a continuous pipe 
circuit, P, partly located in the ice compartment and partly in the cold- 
storage compartment, C. The pipe is filled with brine — a mixture 
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of 8a.lt and watnr— whiah is i.h(' h<‘ai- carvitn* and wliidi conveys tte 
abstracted la^at froni the eeld-8t,orag(‘ <‘oinpa,ii.nu‘ut to the freezing, 
ndxtun% wlua-e the h(‘a.t is absoHx'd from tiu' brine. There is a natural 
circulation of tli<‘ l>riue in tlie pipt‘, because of tlu‘ dillerence in density 
caus(al by the dilTenaiei^ in t(‘nipenttur<‘, similar to that of the air in 
Figs. 551, 552 and 553. This proct'ss has seldom i Kaai used because of 
expense, dirt, and icing troubles. It has all t.lu'. <lisad vantages of tte 
previously (h'seribed proeess(‘s, exe(‘pt tha,t a- lower ternporaturo is 
obtainable. 

Notk.-'-Tuis is an iNinitnoT systmm and i'p is similar to the hot- 
water system: of building warming. The fret'/aag mixiuni in Kg. 548 



cools the brine, which in turn <‘.o<>ls t-he eold-storage room, while in the 
bot-water heating system the furmw.c’i luatis i.he wa,ter, which in turn 
heats the I’oom. Both systems e<)nv(\y the luaii by nu'ans of the natural 
circiilatioii of a liciuid. In both sysitans, tin' heat tininsmitting surfaces 
the cooling coils of the refrigin-atiug system, one in the freezing mixture 
compartment and one in the cold-storagfj room, and the heating surfaces 
of the heating system, one in the furuac.c and the other in the radiator 
must be of the proper size and shape to insure sucm'.ssful operation. In 
the refrigeration system, the cooling coil slioxdd bo placed in the warmest 
part of the cold-storage room, which is near the doors and ceiling, instead 
of in the coldest part, as is the radiator in the heating system. 
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636. Mechanical Refrigerating Processes Are Of Two 
Principal Types. — (1) Vapor processes. (2) Gas processes. 
Each is further discussed hereinafter. In these processes, by- 
utilizing machines, heat may be caused, by virtue of mechani- 
cal energy expended, to flow from a body of low temperature 
(the refrigerated space) to a body of higher temperature 
(generally the coldest available natural stream of water). 

, Note that, as stated by the Second Law of Thermodynamics, 
(Sec. 84), '^Heat will not flow of itself from a cool to a hotter 
body.^' refrigerating machine'’ and ^“^a refrigerating- 

machine cycle ” are defined in Sec. 403. 

Note. — Meciianioae REii’RioERATion- machines are sometimes 
CALLED '‘i-iEAT PUMPS bocauso by virtue of tlic mechanical energy — 
supplied by some outside force — which is expended in them, they force 
heat to flow from a eoo] to a hotter body. This idea of “pumping heat’^ 
from a low to a high level (teniperature) may prove valuable. 


637- Vapor refrigerating processes are those wherein the 
working substance (refrigerant) passes alternately through 


its liquid and vapor states. In 
these processes, a substance is 
used for the refrigerant which, 
when in its liquid state, wdll boil 
(Fig. 555) readily at a tciinper- 
ature below that desired in the 
space to be cooled. In thus boil- 
ing and changing to its vapor con- 
dition, the substance absorbs its 
latent heat of vaporization from 
the space which is to be cooled. 
So that the substance can be 



Fiq. 556. — The elements of a direct- 


again used, it must be restored ammonia-vapor refnger- 

.. ...T ,. , ating Rystem. 

to its initial or liquid state by the 


expenditure of mechanical work on it and by cooling it. This 


process is further explained hereinafter. The vapor refrigerat- 


ing machine cycle is explained in Sec. 433. 

638. Gas refrigerating processes are those wherein the 
working substance or refrigerant (usually air) remains in the 
gaseous state throughout the entire cycle of changes which 
it is made to undergo. In these processes of refrigeration, the 
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gas is first cooknl below 1h(^ t(aup(a*al,un' <k\sire(l in the space 
which is to be cooled. The gas is thus inhhdly (‘ooled by allow- 
ing it to do work by t^xpa,nsioii. now cool gas is then 

perniitt(wl to al)Sorb lunit. rroin the r(d’rig(u*ated space. To 
restore the lunited gas to its original cool <*ondition, mechanical 
work must bo done oti it, as is (\\pla.iiH‘<l in 655. 

639. The Vapor Refrigerating Apparatus Is Similar To A 
Steam Boiler (see Fig. 556) .- -Both op(u*at(^ on the principle, 
that heat is requir(‘.d to xaiporizi^ licpiids. A simple arrange- 
ment for the gemu'alvion of st(‘a.m is t.o allow water to flow 
through a coil locatxul in a furnacix As tlu' wa.ter is at a lower 
temperature than. tht‘ furiuK-e gas(‘s, it will absorb heat there- 



y V - • /•r. . , y-/ //r.'.’/'if 

X-S-leoim E)ot I er- Si triple Type IC-Ammoniof toiler— Simple "Tlfpe 


FiCf. 556. — Sliowinff siTnilnrity Ix'l.wtnni Ji .sloam bt)il(''r and an ammonia expansion coil, 
which is in reality an “ammonia btiilcr.” 


from and its temperature will ineriaistn Also, since water 
boils at a lower t.cmiptu’at iin^ than tiuit of the furnace gases, it 
will, when it reaches its l)oiUng (.(unp(M*at ure, vaporize into 
steam. To effect this vapttrizaiion, heat is absorbed by the 
water from the furnace gases, hlat'h pound of steam will 
abstract from the furnacjc an amount of luxit equal to its latent 
heat of vaporization, at tlu) boiling ])r(hssur(i and in addition 
the heat required to raise tlie iiMupcM-aturi^ of the water to that 
at which it boils (see Sec. 365). Thc^ process would (if fuel 
were not continually adckxl to the furna(*e) (*.ontinue until the 
furnace temiperature was reduccnl to that of the boiling water 
and steam. 

640. While The Above Process Is Called A Heating Process, 
Because Its Object Is The Vaporization Of The Water, It 
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Could Be Called A Refrigeration Process If The Object Were 
Xo Cool The Furnace Gases, — In practical refrigeration, 
temperatures below that of the atmosphere are desired. 
As water under the normal pressure — atmospheric and greater 
—boils at a higher temperature than that of the atmosphere 
and as heat will not of itself flow from a lower to a higher 
temperature, the above process must be modified if it is to be 
employed in practical refrigeration — to cool objects below 
atmospheric temx^eratures. A suitable modification can be 
effected in one of the following two ways: (1) By using a liquid 
that will boil under normal pressures at a temperature below that 
of the atmospherej as is explained in the sections which imme- 
diately follow. (2) By reducing the pressure on water or 
other liquid and thereby lowering its boiling temperature, as is 
explained in Sec. 651. 

641. Substances Which, In The Liquid State, Have A Low 
Boiling Temperature Under Ordinary Pressures Are Generally 
Used As The Refrigerant In Vapor Refrigeration Processes. 

A substance which, in the liquid state, has a comparatively 
low boiling temperature (such as ammonia, which boils under 
atmospheric pressure at —28.2® F.) will boil (Fig. 555) in an 
open container, that is, under atmospheric pressure, at room 
temperatures. Since the boiling temperature of a liquid 
increases with the pressure, these liquids can be preserved 
and shipped in the liquid state by keeping them in steel drums 
or tanks under pressures high enough to prevent vaporization 
at ordinary temperatures- When a cooling effect is desired, 
such a liquid can be allowed to escape from the tank, under 
high pressures, into the low atmospheric pressure. Under 
atmospheric pressure, the liquid will boil and vaporize and 
absorb its latent heat of vaporization from its surroundings. 

Explanation. — ’Suppose that in the arrangement shown in Fig. 557, 
such a liquefied substance, for example, ammonia, is allowed to flow from 
the tank where it is kept under high pressure, through the regulating 
valve V. It will then enter the expansion coil, C, which being open to 
the atmosphere, will then have in it a pressure equal to or somewhat 
greater than atmospheric. Since ammonia under atmospheric pressure 
boils at —28.2° F., it will boil in coils, C, and absorb heat from the room, 
R, and vaporize into ammonia vapor. Each pound of liquid which 
vaporizes will absorb from the room an amount of heat equal to the 
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difference between the total heat of Un^ vapor a.t t.lui boiling pressure and 
the total heat of tlu^ li(inid at its teinpt'raiure in tlu^ tank. 

• If sufficient annnoniti wtu-e allow(‘(l to how through the coil, the tem- 
perature of the room coukl l>e re<luc.ed io almost that. ( —28.2° F.) of the 
boiling ammonia. Sonu^ icunpta-aturt' dilbu’eiuHv would Ix) required to 
cause tlie heat to flow to the ammonia, ddu'; regulation valve, V — some- 
times ea.U(‘d t.he cxpayision valve is 

\ised to rt'gulati^ thc‘ flow of the liquid 
so vaporization takes place at such a 
rat.(‘ t.ha.t tht‘ ih'sinal low temperature 
will be mainta-imul in the room. After 
vaporization, ilu' ammonia vapor will 
<‘xhmist. into (.lu‘ atmostdierc at A and 
b<‘ lost. Sin<a‘ ammonia and the other 
rujuids whi<‘h ha.v(‘ low l)oiling points 
a.r(‘ v(‘ry <‘xp(‘nsiv(‘, such a process 
wotdd In’: too costly to he used com- 
m(‘rc.ia.ny. If the vapor process is to 
b(‘ utilized commercially, some method 
.must be. d(‘vist‘d whc‘rel)y the vapor 
ea,n l><^ usial nqxuibully, without dis- 
(uirding it into thcs atmosphere. This 
Fia. 567. — Simple form of viipo*' <*a,u b<‘- a<H*ompUsh(al only ])y restoring 
refrigeration plant. vap(,)r to its original condition — that 

is liquefying it — by .some means of (‘xtracting heat from it; sec following 
sections. 

ExAMPX..ia. — Assuming t.ha,t 7,500 Jbt.u. must be absorlied from a room 
per hour, how many |)ounds of anhydrous a.mmouia at a temperature of 
95° F. must be va.porized, at a. pr(‘ssun‘. of 23.3 lb. per sq. in. abs., each 
hour to abstract this 7,500 B.t.u. per hr.? Sc>LUTn)^r.— -The heatabsorbed 
by 1 lb. of anhydrous ammonia, is cupial to the dilbu'ence between the 
total heat of the saturated vn.por a.t 23.3 Ih. pm' sep in. abs. and the heat 
of the liquid at 95“ P. From Tabk!; 400, Div. 11, the total heat of 
saturated ammonia va.por at 23.3 lb. p<'r s<i. in. abs. is found to be 535.7 
B.t.ii. per lb. The heat of tlu^ liiiukl ammonia at 95° F. is also found to 
be 71.3 B.t.u. per 1]>. Tlien, the heat absorbed by 1 lb. of mmnonia — 535.7 
~ 71.3 — 464.4 B.t.u. Hemio, the amount of ammonia which must he 
vaporized per hour = 7,500 -f- (heat absorbed by 1 lb. of a?mrionia) - 
7,500 >4- 464.4 === 16.15 lb. per hr. 

Note. — -The Subbtanx. 5EB I^K,£jsi‘oiPAi4nY 'U'hko Ik Commeecial Vapob 
Refeigbeatinq Mac HINES Ahe Ammonia, Buuiuiue Dioxide, Carbon 
Dioxide, Freon And Caeeene (see Bee, 39B). Other substances could be 
used but they are not as economical or as d(xsiral)ku The boiling tem- 
perature of a suitable substance under normal pressun^s should lie within 
certain limits (see Fig. 558). If the boiling t(unperature is too low under 
ordinary pressure (as with liquid air, for example), excessive pressures 
would be necessaMy to preserve the liquid in the drum in the liquid state. 


..-Drum Of Lf iOiif 

L iquM Ammonia/ 




Sec. 642] 


HPJFR.iaPJnA TWN 


621 


Vapors whicli would r(Miuirc tlicsc high pressures woxild be difficult to 
liquefy and, when liqucffied, would necessitate very strong storage 
receptacles. Other factors whi(4i determine the suitability of a liqtiid 
are its specific volume, its heat of vaporiiiatioii, its cost, and the effect of 
its fumes upon the human health. Ammonia is probably the most 
widely used, because, in vaporizing, it affords reasonably low temperatures 
without maintaining a vacuum in the cooling coils (C, Fig. 567) and it 
can be restored easily to its initial condition — condensed with relatively 
warm water when compressed to oidy moderately high pressures. 
Ammonia, however, is to.Kic (0.25 to 0.45 per cent, by volume being 
dangerous). Sulphur dioxide condenses at even lower pressures, with 



Fig. 558. — Gi^aphs showing variation, of boiling temperatures with pressures or 
various substances used iu mechanical refrigerating processes. Note the curve for water 
is so close to the base lino that it has been omitted, the pressure being only 3 lb. per 
sq. in. abs. at 141° F. 

relatively warm condensing water, than does ammonia but for low tem- 
peratures it must be evaporated in a partial vacuum. It is used to 
advantage in the tropics. Carbon dioxide is well adapted for very low- 
temperature refi'igeration, but it must be worked at very high pressures 
and requires cool condensing water for high efficiency. Freon under 
normal conditions, is non-toxic, non-irritating and non-explosive. It has 
a lower latent heat than other refrigerants but this is offset by its low 
specific volume. 

642. Before The Vaporized Tiqttid In A Mechanical Refrig- 
eration Process Can Be Used Over Again (Made to Re-absorb 
Its Latent Heat) It Must Be Restored To Its Initial Liquid Con- 
dition, The action of the refrigerant vapor in absorbing heat 
(as in Cj Fig. 557) is similar to the action of a sponge absorbing 
water. After the refrigerant (such as ammonia) has absorbed 
heat and vaporized, it is in a position corresponding to the 
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heat it has absorbed from (.he refrigerated objects must be 
driven out, or extra{*.t(vl in some manner. 

643. This extraction of heat can be effected by one of two 
processes : (1) The conipix^ssion p^'oeess. (2) The absorption 
process. In the compression process of mechanical refriger- 
ation, the heated yapor is first compressed and then con- 
densed by cooling it with air or water. The compressor (R, 
Fig. 559) does work on the vaiior and increases its pressure and 
temperature, thertd)y making it jmssiblc to liquefy it with rela- 
tively warm (iooliiig water. The pressure thus produced must 
be sufficiently great that the boiling point of the substance 
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Fig. 560. — Circuit of direot-expsui.sior. compression refrigeration system. See Fig. 576 
in rc>ga.r<l to teniperuturea and pressures. 


under that pressure is greater than the temperature of the 
cooling water; if the pressure were lower the vapor could not be 
liquefied- In the absorption process of mechanical refriger- 
ation the vapor is first absorbed by water, which will absorb 
800 to 1,000 times its own volume of ammonia vapor under 
atmospheric pressure. The solution of ammonia is then 
heated, causing some of the ammonia to be vaporized at a 
high pressure, and the vapor is then liquefied by cooling it 
with water. 

644. The essential parts of a vapor compression process 

are (see Figs. 559 and 560) : (1) An expansion coil, V. (2) A 
compressor, R. (3) A condenser, C, see Figs. 561, 562, 563 
and 564. (4) An expansion valve, E, see Fig. 565. (5) A 

liquid receiver, L. (6) .4 vapor refrigerant, ammonia in Fig. 
559. (7) A cooling medium, cooling water in Fig. 559. Thus 
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Fxa. 564. — A double-pipe condenser 
or brine cooler; Arrows show direc- 
tion of flow of water and of ammonia 
when used as a condenser. See Fig. 
563 for detail. 



Fia 565. — Rising-stem-type am- 
monia expansion valve. (Crane 
Co.) 
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is not oss(^ni.ial, it is desirahlo ns it i>rt‘V('nts oil (whitili is nsed in lubri- 
cating thci <‘.oin pressor C5iiiul<‘r) from gt'ithig iu the (amdenser coils and 
iinpeditig heat traiisfer. In llowitig through tlic condenser the vapor, 
being und<n' high prt‘ssure, Is <-.on<kms(Hl to th(^ liquid state by the cooling 
wader. The now U(iue{i<‘d vapor tlum flows into tlui Ucpikl receiver, I, 
completing its cycle. The pressure upon tlu^ lit pud iu the receiver is, 
neglecting the drop through the t)ip(‘s, the sanu; ns that on the vapor in 
the. condenser. 



"Exq. 566. — SoctioTi of Itfoi’k ainiuouiu-conipo'HHor cylinder. The a\iction valve, S, 
is practically balanced, the Mpidng tcridiiiK to hoUl it open and the tlnnh pot tending to 
close the valve. 

645. The function of the compressor in the vapor com- 
pression system (R, Fig. 559 and Figs. 566 and 567) is to 
remove the vapor as promptly as it is formed and then com- 
press it to a pressure sufficiently high so that the vapor can 
be condensed by the cooling water or air at hand. As stated 
in Sec. 426, a compressor is an essential part of every refrigerat- 
ing machine. To condense a vapor, heat must be extracted 
from it. Since heat of itself always flows from a higher to a 
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Sec. 645 j - 

lower temperature!, this hcjat (‘un be extracted oaly by allow- 
ing it to flow from the vapor to a colder substance. In the 
refrigeration process, the boiling (or liquefaction) temperature 
of the vapor at the pressure in the expansion coil is below 



that of any available cooling medium. Hence, work must be 
done upon the vapor and its temperature of boiling increase 
so that it can be condensed by the available cooling medium. 
The compressor may be driven by a steam engine, e ec no 
motor, Diesel engine, or a water wheel— whichever is the most 
econt)mic9.L 
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lOxPLANATioN.- 8upp<xs<* it IK tU'sirtHl to <H>ol II roolu with a vapor 

refrigerai.ion KyKi.t^ni to H)'’ h\; tlu‘u tlui aumionia iiuiKt be allowed to 
boil (vaporizt^) at somt^ bauponitun^ btdow tiii.s (a t(‘inp(a*aturc difference 
or theniia,! pri^sKur(‘. is iHH‘(‘s.sary to (dbn'.t a hoa.t flow, Sec. 84), such as 
0° F, Now the coldest n,va,ilnl)le cooling tiietUimi is, say, a stream of 
\vat(vr at GO'"" F. It is tA’i<lent that this wat(‘r will not a})sorb heat from 
th,o vapor unless the teinperat.uri^ of tlui waha* is h^ss than that of the 
va,por. Now, by nn^n.us of a. <*t)iuprt‘ss<»r, work may be done on the vapor 
and tlui teinpera.ttir(^ ami pn^ssure of the vapor may be thereby increased. 
If the eompression of th(^ va,por is cjirrical sufheicaitly fa,r — to about 130 
lb. per sep in. a,bs. for th(‘ ammonia of this c‘.\ainple— the vapor will then 
be in sucli a condition that it <*a,n l)e i‘ond(ms(*d l>y th(', aA'ailable cooling 



Fio. 568. — Crosa section of ccntrifuwil r(‘frif!:<'ni,tina unit oxiiployiiiK Carreno as the 


refririevunt. 

water. For at 130 lb. per s<|. in. abs. tb(^ Ivoiling (eondensing) point of 
ammonia is about 70“ F. Thus tint <;oinpress(‘d ammonia can, by water 
at 60“ F., easily bo cooled (to 70“ F.) and coiulensed. The condensed 
ammonia may now bo x)ermitt(td to flow to tlui retettiver where the pres- 
sure would, negletding losstts, also be 130 lb. p(‘r sti* in. abs. 

Note. — N o coMimEssoii would ue needed xf the cooling water 
were colder thaix tlie vapor intfrigerant (toniing from tlio expansion coil. 
The vapor could then bo cookttL directly by the wa.t(tr, as in steam power 
and steam-heating plants, Hovvenntr, in smdi a ttase, tint cold water could 
be used directly as the cooling agent and no vafior refrigerant would be 
necessary. 

646, Centrifugal Compressor System,— Centrifugal com- 
pressors are particularly suited to large volumes and relatively 
low compression ratios. They are, hence, suited to haadl^ 
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refrigerants at low pressure, under which conditions the volume 
of vapor handled is large. Such refrigerants are Dielene 
(dichoroothlene), Carrene (diclioroniethane), and Carrene 
No. 2 (trichloroflurornethanc). All of these refrigerants are 
evaporated and condensed at pressures below atmospheric. 
Figure 568 is a cross section of a commercial centrifugal 
refrigerating machine in whicli condenser, evaporator, and 
compressor arc incorporated in a single unit. 

647. The advantages of centrifugal compression systems are 
that they may be driven by synchronous motors or steam 
turbines and have variable capacity with constant speed. 
Likewise the unit occupies considerably less space than a 
reciprocating compressor system of the same capacity. 

Explan-ation Of Operation. — Brine or water to be cooled is cir- 
culated tliroiigh tii]>os wliicli are placed in the evaporator at the left 
of the unit. Liquid refrij>;erant is pumped to a chamber above these 
tubes and rains down over tliem. Heat from the brine evaporates some 
of the refrigerant, and the vapor formed passes through eliminators, 
which remove any liquid, to tlio compressor. The multi-stage compres- 
sor raises the pressure of the vapor to that of the condenser and dis- 
charges the compressed vapor over cooling tubes in the condenser which 
remove the latent heat of vaporization and condense the refrigerant. 
A float trap in the condenser opons when sufficient liquid accumulates, 
and the higher pressure in the condenser forces some of the liquid refrig- 
erant to the evaporator. Some of the liquid, of course, evaporates 
because of the lower pressure and so cools the incoming liquid to the 
saturation temperature corresponding to the pressure in the evaporator. 
The ccionomizer is arrangetl to admit vapor into an intermediate stage of 
the compressor, thus lowering the temperature of the main body of vapor 
and decreasing the work of the compression. Since the entire system is 
under vacuum, some air is bound to leak in, and this is removed by the 
vacuum pumps or evacuator at the loft. 

648- The absorption vapor process differs from the com- 
pression vapor process only in the manner of restoring the 
vapor to its initial liquid condition. In the compression proc- 
ess the pressure on the vapor and also its temperature are 
increased by means of a compressor.* In the absorption proc- 
ess this pressure increase is accomplished by allowing the 
ammonia vapor to be absorbed by water and then driving the 
ammonia vapor from the water at the required pressure by 
partial distillation. 
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by the heat supplied in G. Those energy additions provide the “heat 
pump” (Sec. 636). 

649. A commercial vapor -absorption refrigerating installa- 
tion is diagraminatically shown in Fig. 570. The apparatus 
is essentially tiic Kamo as that of Fig. 569 with the addition of 
three elements: a rectifier, R, a weak-liquid cooler, W, and an 
exchanger, E (sometimes called interchanger) . These pieces 
of apparatus arc addcul to conserve heat. Each interchanges 
heat between a hot substance which is to be cooled and a cold 
substance which is either to be heated or rejected from the 
system. The additional apparatus performs a two-fold func- 



Fio. 570. — Diagi’am of absoi'ption refrigei*ating macliine. This is an indirect system; 
the expansion coil being located in the brine cooler, cools the brine which is circulated 
through coils in the room to be cooled. (Henry Vogt Machine Co.) 


tion: (1) It decreases the amount of heat that must be fur- 
nished by the steam coils of the generator. (2) It decreases 
the quantity of heat that must be carried away by the cooling 
water. 


Explanation. — In Fig. 569, the weak liquid leaves G at high tem- 
perature and enters A where its temperature should be low, and the strong 
liquid leaves A at low temperature and enters G where its temperature 
should be high. Evidently, the steam coil in G must supply much heat 
and the coil in A must extract much heat. It would seem desirable to 
utilize the cold liquid passing from A to O for cooling the hot hquid 
passing from (r to A meanwhile heating the liquid which does the cooling. 
This is exactly what is accomplished by the exchanger, E, Fig. 570. It 
is simply a double-tube coil (Fig. 563) through which the strong 
and weak liquids pass in opposite directions and interchange heat. 
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Bocaiiwe of the c.oimtca* tuirrentH, a wry (‘iT(‘ct.ive hoating and cooling is 
aeeonipIiHlKal. 

In Fig. 569, tlio vapor k'aving (t will, htM‘aus(‘ of tlio fractional dis- 
tillation |>roc<‘.ss (S(H‘. 3d(,»), be; a niixt.iin‘ of ammonia, and water vapors. 

If tlie wa,t<‘r vapor W(‘rt^ not s(‘paralod from llu‘ ammonia, va,j[)or, the water 
vapor would (‘nt('r tho vaporizm* or nd'rigorating coila and at the low 
temperature of tlu\s<‘ {‘(>ils it, would fn‘<‘ya‘ and clog tlu' (‘oils. To obviate 
tills trouble^, th(‘ (atld strong Hijuid from the absorlx'r is, in Fig, 570 
passed through tlu^ n'ctilU'r, R, on it.s way to the t‘xtdiang(a*, M. The 
rectifuu*, R, is (\ssent-iall:s' a, small surfae<‘ (‘omhaisiu- (8 (h*.. 514). It cools 
the aaumonia, a,ud water vapors whi<*h pass t hrough it on their way to the 
(‘.ondtnsor, C, and s<‘rv(‘s to {M)nd(mse mairly all of the water vapor. 
This vapor is (amth^nst'd a,s a. strong solution of ammonia, is separated 
from thc! riuna.ining vapors by th<‘ s(‘para,t<or, R, and Hows, by gravity, to 
the generator. Thus th(‘- r<‘e.tilu‘r aids tini; eomhns(‘r iu its duties of 
eooling the vapor and simulta.m‘ousiy aids tlu^ ex(dia,nger in heating the 
eold strong licpior. 

Now, betaiuse tlu^ eold strong litpior is lu‘ai-(‘d sonnnvhat by tlie vapors 
in the reetificr, it is not eapabh^ of <‘xtra,(rt,ing as much heat in .E from the 
hot weak liquor a,s would be desirabhn hhirtlnunion', siiu'.e the vapors 
must bo cooled in C to quitti a, low tempen-ature:, tJu': (aioling water cannot 
bo heated through a, V('.ry gnait tmnpi'ratim* ranges in passing through C. 
The temperature of the water leaving is suflieimtly low that it may be 
used to alisorb heat from A. In .4, tin* water U‘mperaturc is again 
only slightly inereased — the water leaving .*4 at a lower temperature 
than that of the licpiid in A. Ihntai, this wa.ter is still colder than the 
weak liquor leaving E and may be nscal to advantage; in eooling the weak 
liciuor before it is permitted to ent.m* A. dHiis last effect is that accom- 
plished by the weak-liquor eoohu*, IF, Fig. 570. 

Sometimes a piece of apparatus which is not shown in Fig. 570 is also 
used. It is called aii cvruilyzer. An analy/au' is simply an a,rrangcment, ' 
usually built on toj) of tlu^ generator, when'by thc^ strong liquid which 
comes from the e.xchanger is made to fa, 11, in a, si)ra.y or shetd, through the 
ascending vapors from the generator. It scuvu's to cool tlu's ascending 
vapors somewhat and jxjrhaps to ]iast,en the ndc^asc^ of a.miuonia vapor 
from tho incoming strong H(piid. Thus, it also s(U'ves to conserve heat 
energy. 

660 . The relative merits of the absorption and compres- 
sion processes may be summarizjod us follows: The absorp- 
tion process is the more economical wheu'o exhaust steam is 
available, where low temperatures (below 0® F.) and small 
units (up to about 225 tons) are nHpiired, but for all other 
conditions the compression process is the more economical. 
In an absorption system the use of high-pr(\ssun^ steam in the 
generator coils is ordinarily uneconomical because the same 
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result caiij geiicyrally, be obtained much more economically 
by the use of lo w-pressure (exiuuist) steam, or by the use of a 
steam-driven, compressor (compression method). Likewise, 
if only enough exhaust stcuiin is available for the necessary 
buildiiig-hcuiting or otlicr purposes about the plant, the 
compression motliod is the more economical. Combined 
plants have been installed in which the exhaust steam from 
steam-driven coini:)ressors is used to operate the absorption 
apparatus. Tlie al)sorption process is well adapted for small 
units when low-te,mperaturc (below 0° F.) refrigeration is 
desired as it c,an provide low temperatures with almost the 
same power consumption as it can high temperatures. The 
compression process, however, gives maximum economy with 
high suction pressures (temperatures). The reason for this is 
that at low preyssurevs the specific volume of vapor becomes 
very great and for handling large volumes of vapor the com- 
pressor cylinders nuist be correspondingly large; thus, the 
compressor consumes much mechanical energy. If an ordi- 
nary compressor is used its capacity is greatly decreased. 
But in tlie larger .units (above 225 tons), the compression 
system becomes more efficient because of the greater effi- 
ciency of the larger steam engine. An absorption machine of 
a capacity of 50 to 100 tons, operating under best conditions, 
with a temperature in the refrigerator of not more than 0° F., 
gives an economy equal to that of a compression machine also 
opera tiirg under favorable conditions. 

651. Steam -jet Vacuum Refrigeration. — Air conditioning, 
which requires moderate temperatures of between 43 and 50°, 
has brought back into popularity refrigeration which uses 
water as a refrigerant. This system of refrigeration has low 
first cost. It requires no brine or water coolers, does not use 
an expensive refrigerant that must be replaced when lost 
from the system because of leakage, and is easily controlled 
so as to meet the varying loads of the air-conditioning system. 
The water to be cooled is piped into a chamber, A, Fig. 571, in 
which a high vacuum is maintained. If the temperature 
of the water supplied is above that corresponding to the 
saturation temperature for the vacuum in the chamber, 
evaporation will occur. The vapor so liberated from the body 
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of water absorbs lateni, lu^at of vaporization, from the water 
iutrodiiced into the flash (*hainber. This removal of heat cools 
the reina-inin^* water to a temperaf.ure corresponding to the 
absolute pressure in tlm flash (‘ha-inlxa*. For example, if the 
(‘lianiber is maintained at an absolute prc^ssure of 0.3 in Hg 
the water may be cooled to a. ttnnp(‘ra.turo of 45°. The very 
high vacuum recpiiiaHl for this sysicnn of refrigeration is 
obtained by sb^ani jets, (L higii velocity steam issuing 

from the jets pi(‘ks up tlu' va.|)or from die flash chamber and 
discharges it to a (‘onckmsin-, H, in whiidi a va.cuum of 27 to 



FiaJ 571, — St<‘fUii-j{‘t, W!it.(M’-<‘vinKn*aUv« rcfrij.'<‘rat.i<)n Byatem. 


28 in. Hg is maintained. Herc^ tbe sti^am used in the jets, 
together with that evaporatcnl in flash (fharnber, is con- 
densed. The condenser must be supplicMl with circulating 
water in sufficient quantity to condense both the steam used 
in the steam jets and the vapor fornuHl in the flash chamber. 
Thus the circulating water must not only rennove the heat 
of the refrigerating load, but must also remove the heat 
necessary to condense tlie steam used in the steam jets. For 
this reason, the cooling water rcHiuinnnents are greater than 
those of ammonia or carbon dioxide compn'ssor systems. 
These requirements increase as the steam pressure used in the 
steam jet decreases, also as the initial cooling water tempera- 
ture increases. 
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Note. — The tlioritial coinprcHHor or Htcaiii jot consists essentially 
of a group of st(^a,ni nozzles directcHl toward an entraining throat. The 
steam, in passing through the nozzles, attains a high velocity so that 
there is a group of high-velocity streams at the nozzle exit. The vapors 
which enter the suction opening of the compressor are entrained in the 
stream and coinprc^ssod to the condenser pressure, which in turn is 
governed by the tenipcwature of the cooling water. The condenser is 
provided with a dry vacuum pump to remove air. 

Note. — The only moving parts required by this system are the circu- 
lating water pump for tlui (midenser and the pump which removes the 
cooled water from the flash c.hainbcr. 

Note.— A centrifugal compressor has been developed to take the place 
of the steam jet, now making it possible to use water refrigeration in 
those places where steam is not available. This compressor operates at 
relatively high speeds, and, although usually operated at constant speed, 
.electrical input to the compressor is almost exactly proportional to the 
refrigerating load. 



Fig. 572. — Diagram of a sulphuric-acid vacuum machine. The air pump, A, produces 
a vacuum in tank, JS, causing some of the water liquid in E to evaporate. Sulphuric 
acid contained in C',. flows down in the form of a spray into B. Since the acid has a 
great affinity for water, the acid i-atiidly absorbs the vapor liberated from the liquid in E. 
The dilute acid flows through the pipes to the receiver, R. When R is flailed, the valve, V , 
is opened and the dilute acid flows to the reconcentrator, D, where the water is evapo- 
rated from the solution by the steam coil, S. Pump, P, pumps the acid up to the tank, 
C. The brine solution is forced through the coil, F, and through the nozzle, N , by the 
centrifugal pump, B. 

662. The sulphuric acid refrigerating machine, an arrange- 
ment sinailar to that of Fig. 572, was at one time used in the 
past. In this arrangement, sulphuric acid, because of its 
affinity for water, was used to remove the water vapor and 
produce the lower pressure in the evaporator. But the cost 
of operation was excessive due to the large amount of liquid 
pumped and the heat required to concentrate the acid. 

663. ' For Economical Operation Of The Vapor-refrigeration 
Processes All The Component Units Should Be Of Proper Size 



636 


PRACTICAL HEAT 


Piv. 18 


In Relation To One Another,— -In this rospc^vb tlioy are similar 
to the iinii.s of st.cvuu-powc^r-plant, pro<*(‘sses. In the steam 
power plant, for a, (‘caiain out, put, a (hdhute size boiler, engine 
and condcaiser are luua^sstiry. For Ix^st eflieitaicy, these must 
be operated in su(*h a n!ia.nn(a' that tlu^ boiler and condenser 
pressures are inahd.aiiuHl at the wahu^s for wliieh the engine 
was desig-ned. To a.<*{'omplis]i this the boiler must generate 
steam and tlu^ eomUmstu’ must, eomhmsc^ steam at the same 
rate that the <mg;ine uses it. ''I'lu'; stime i)ri maples must be 
observed iu th(^ refrigia-ahiou plant, h'or a (‘cntain output or 
capacity a definite^ size (expansion (‘oil, (‘ompnsssor— or absorp- 
tion maehiiK^ — and <u:>nd<aiiS(‘r ar<^ n(‘(‘(‘ssa,ry. 

664. For the best efficiency the plant must be operated 
in such a manner that the proper pressures are maintained 
in the evaporating coils and coudeanstn*. 'This is more impor- 
tant in .r('ri*ig(a-a,(i()n than in st;eam-power practice. The 
pressure in the (‘xpansion coils must b(‘. low enough so that the 
corresponding })oiling l,<‘mp(‘ra,tur(^ of tlu^ licpiid refrigerant 
is below the temperature napiiiaxl in t.h(‘ cooltnl room. The 
pressure in the condens(a- must Ix^ high (mough so that the 
corresponding li(iU(da,(*t,ion t,(anp<‘ra-t-ur(‘ of the refrigerant 
vapor will be higlier than tluit of th(‘ (‘inadating water. But 
the differenee l)etw(Hm tlie j)ressur(^ in t he eondenscr and that 
in the expansion (*.oil must b(‘ k(‘pt, a.s small as })ossible. The 
greater this pressure differ(‘n(‘(^ the inon^ work must be done 
by the compressor to bring the va,por from tire one pressure 
to the other. In a steam erngine more work is obtained in 
working through a great.er pn\ssnre ra,ng(', so iu a compressor 
more work must be done in compn'ssing t,hr(>ugh a greater 
pressure range. Also, in tJie absorpt ion pro(X‘ss more steam is 
used in heating to a higluu* pnsssunx In the (‘ompression 
process, the pressure in th(i ex])a.nsion (‘.oil is rc^gulated by the 
expansion valve and the <x)mpr<'ssor. ITessurc'. in the con- 
denser is determined by the temptuxiture of the cooling water. 
In the absorption process these pr(\ssur(‘s arci ixigulated by the 
steam flow to and the steam pn,^ssur(i in the generator coils, 
the concentration of the weak and strong aqua, and the 
speed of the aqua pump. 
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Note. — Many Of The Same Difficulties That Abe Encountebee 
In’ Steam Poweb Plants Are Also Encountered In Refrigeration 
Plants. — Expansion coils like boiler tubes must be kept clean to insure 
maximum beat transmission. Likewise, foi’cign (non-condensible) gases 
in the refrigerant increase the condenser pressure in refrigeration proc- 
esses just as they do in st(«un condensers. In refrigeration condensers 
the non-Gondensi!>lo gases arc taken out at intervals, instead of continu- 
ously by a pump as they arc in steam-power-plant practice. In 
refrigeration plants, the clfoc.t of these troubles is, ordinarily, even more 
noticeable than in steam power plants. 


XopIIncf- WaHr Ouflef ^.'Cooler ^Cootfng Coll 



To ReFncferaHng CoIF' 

^efn geraiirtg 


Crankshaft 

, ^ ri ■ 

Conneeftn^r 

-steam Engine Cylinder 

Fig, 573. — General arrangement of cold-air refrigerating machine. 


655. Cooling By The Expansion Of Compressed Air Is 
One Of The Oldest Methods Of Mechanical Refrigeration. 

The ‘^heat pumps’ 'used are called air refrigerating machines , 
or cold air refrigerating machines. One type is called the 
Allen dense-air refrigerating machine. The cycle of an air 
refrigerating machine is explained in Sec. 432 and Fig. 384 
shows a diagram. 


Explanation. — The process is essentially as follows (see Figs. 573 and 
384): Air is compressed in € (Fig. 573) to a high pressure. The heat 
■which is imparted to the air by the compression is then removed by pass- 
ing the compressed air, at constant pressure, through a cooling coil, D, 
which is surrounded by circulating water. The cooled compressed air 
is then admitted into an air-engine cylinder, F, where it is allowed to 
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expand and do work. ThivS expunHiou of a-ir causes a reduction in 
its teinperatiircj due to the work heinp; dou(‘ at th(^ expense of the internal 
energy (see Bee. 272). This cold (‘‘xpaiuh^d air is then discharged from 
into the refrig(U’a.ted room. Or it is pa,ss(‘d from It through coils in the 
room to be (tooled, or it may })(‘, passed througli (toils immersed in a liquid 
whieh in turn cools the room. Tin* air from th(‘ n'frigm-ated room or the 
coils, aft(U” there absorlving heat, a.gain enters tiu' (‘ompressor from F and 
the cyc;le is repcxibal. The work dojic l>y iln^ air during the expansion 
in the a,ii>engiiut cylimhu*, E, is transmitbal through the main crank- 
shaft, 8, to th(^ eompr(‘ssor e,ylind(‘r, f h Tims tin' work done in steam 
cylinder, L, must Ixt a.pi>roximat<‘ly only tin* ditbnxuute betw(Hm the work 
done by the <‘.oinprt‘SKor, b', arid that obtained in the air-engine cylinder, 
Ej plus the frhttiouai loss(‘s. 

Note.- (b^NEKALI.r, the same ATH is ('ONTINUAX.LY reoircxilated 
through coils to prevcmt I he cntranci* of nioisl un‘ info the system and the 
possible freezing of t he moisfun* a I th<‘ cold parf. of f he cycle. Recir- 
culation of the air also tends to incrcxisi' (h<‘ (dhciimcy of the system. 

Note. — Tins NpiSTiioi) of (monmo is not so effk tent as the other 

METHODS now in use. It also requires 
a. much largm* compressor than the 
vaiior proe.(‘sses bcHiause of the low 
sp<H‘ilie heat, of air. While this process 
has tlu' above disadvantages, it is used 
to some (‘xf.imt a.])c>ard vessels due to 
the abs(‘ne<‘ of any dangerous gas which 
may be injurious to the passengers and 
the food. 

656. The methods of calculat- 
ing for air refrigerating machines 
the rise in temperature during 
compression and the fall in tem- 
perature during expansion (as- 
suming adiabatic changes in both tlic compression and the 
expansion, wliicli is i)ra(*.ti(qilly tlu^ {*.ase) are given in Sec. 275. 

Example. — In a certain aiiMjompression systcmi it is found that the 
air entering the compressor has a iempeu-atun^ of (H)"^ E., the admission 
pressure is 50 lb. per sep in. abs., and the air is compressed to a pressure 
of 175 lb. per sq. in. abs. Assuming adiabatic compression and dry air, 
what will be the tompcraturii of the compressed air? Solution. — For 
polytropic changes, Sec. 275, the relation IxdAveen temperatures and 

n'"l 

pressures is expressed by For. (23(i), Ta — TdFa/Px) . Wlierein; 
Ti and Ta — initial and final teinporatureB respeetivedy in degrees Fahren- 
heit, absolute. Pi and Pg ~ initial and final pressures respectively in 



Fig. 574. — The element , h of an indirect 
brine refrigerating Hywtem. 
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pounds per square incli absolute. For adiabatic cliaiiges^ n == k == 1.4. 

1.4-1 

Hence, substituting, T2 (460 + 60) (175/50)'^^ = 520(3.5) ^-^ss = 520 
X 1.428 ~ 743® F. abs, or 283® F. 

Example. — If the compressed air with a temperature of 283° F., as 
shown in the i^recediug example, bo cooled by circulating water to a 
temperature of 100° F. and tlum allowed to expand to the original pres- 
sure, what would be the final temperature? Solution'. — Substituting 

«-i 

in For. (236), T2 == Ti(P‘>/P i), tlie following is obtained: T2 = (100 

1.4-1 

+ 460)(50/l75) = 560 X 0.2S6»-2«o == 5(^0 X 0.7 = 394° F. ahs. or 

- 66°F. 



Fig. 575. — Typical indirect brine system with ammonia compressor. 


667. The indirect method of refrigeration is often used 
(Figs. 574, 575, 576 and 577). In the preceding sections of 
this division, only the direct-expansion method of refrigera- 
tion has been treated. In the direct-expansion method (Fig. 
560) the expansion coils are placed in the room or substance 
to be cooled and the heat fio-ws directly from the room or sub- 
stance to be cooled to the refrigerant. In the hrine indirect 
method j Fig. 576, the expansion coils are used to cool a brine 
solution, and the cooled brine is pumped through coils or 
tanks located in the room or substance to be cooled. In this 
system the heat flows from the room which is to be cooled 
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to the fluid- and then to the refrigerant. There is auothw 

/<«v.-ed-«fr oirculaHon system 
(Fig 577). In this sy.stisin tlie air i.s cooled in a separate 
bunker room and the cooled air is forc<,d through the coot 



by means of a fan. This system is indirect in that the air is 
cooled outside of the cooler. 


J."*” Inwrbct Brioti Stotbm Has Several Advantages 
advantage of tl.o brine system is that 
Thus « ennV ^ m the brine, by cooling it to a low temperature. 

Thus a cooling effect can be produced by circulating the brine, even after 
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t *lown for some time. This is particularly 

the compressor .;^,ratio.r is rcduired mtormittcatly for short 

desirable whore excess U ^ milk-oooling processes. The 

periods, such as m that in it the ammonia circuit is 

hrine system has W'" ' ; ' ‘ ^ ,iUowed to enter the cooling rooms 

^i::id rs i - 

system has the 

InceV ammonia must first cool the |j M ^ 

brine, which in M!n,. | M 

rnoTYi two tompcratuU' clluCl ^ Ammonid ^ 

, room, w i £ boiling; Absorbs Heat d 

required between that .uul fromWafer.^^ L; d 

raHi 

in the brine system must boil at a lowc v -ll 

temueraturc (lower prcwbUic,) w - ^ 
reduces the capacity of tUe I’ I 
7a compression process) and lowers the 

economy. r.o. S^S-The olenlont» ol^^u 


liKVUKUiltATIOii 


boiling ^ 
Am/nonid 
Absorbs Heat 
from Water. ^ 








Vra 578.— The elements or uu 
ircuiaUius syslcni. 

658. one Of The Chief Uses ^ 

of Refrigeration Processes Is not apply to the can system- 

MaMnglce ice, the principal 

re“;."rnf “rra. .L., .»« 

Stilled o/-r.w” (»adi.ailcd) »aMr. . 

Explanation.— In the “ “'*5 ® ^Q'^tly^immersed in a brine tank, 

cans. C, of rectangular cross-scction arc eicpansion 

T, and filled with water. ^ absorbs heat from the water 

coils, B, and circulated by the ^gdat^, ^ and bottoms 

Ltheclns. Tto 

of the cans, but as the ^ ® gbnee the ice is generally cooled 

the rate of ice formation , tftoi must be absorbed 

the temperature of the hnne, ^^fjyired to cool the water to thefreezi g 

water to convert it into ice ~ J- , f^^^n of the water) + (the „ 

temperature) + (the latent After the water m the ca^ 

to cool the ice to the temperature ^ the tank by the hoist, H 

has been frozen into -f ’ olide with steam or hot water 

They are then warmed shght y 



\i Can Dump Anc^ 

■'y A 
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Sec. 

of ioo .]u.npo.l ..Uf or nu„o f-y t,hoo..n <luu.p, />. ancltKa.- 
uuaangj-. ,,, ;« fet distilled by usmg 


Bolden^ 




Groove In Can( No Tube) 



Air Tube^^..-^ 

UTl-AW-tube Groove 


l-Showm^ A.W Tube 
Entertnoj Can ^yj^Scrnd 
lx Around Top 



Of Can- 

Air Tube 
(Round)' 


/Oroove In Can 



Tube Reamed i 
'-^-Tapered ] 

ff'Reri- 0 "JI 

\-^"OuIs!de 
^ btameler 


-Tli'-y 

32- T o ]p View 


m-Top of Can Dc-Vail 

Vf,l Band Around Top Of Catty 


a '^''4"UffinOf‘IAor^~ 
Holes 

Fasten Air Tubes 

■ j!n 4 S"Can$Af 0 ne 
Intermediate Point, 
‘ 5Q" Cans At Two 

Points With Strips 
As Shown Here 




iL-Jfc- ^ 

•SI- 5 e c + t o n 


•^-froni: V'le^ ^ ^ l^^raw-water ice. The tube 

Fig. 880 .-Diasram ahowins the bottom of the caa. 

for conveymg the oompressed air extenas 

_ . .rtTQ+.f»r 


for conveying i/u« 

with this distilled water, in 
the exhaust steam and the cans .gj^.yu(listilled water— eontems 

the raw-water process, tor in the cans is agitated by bub- 



644 PRACTICAL 11 MAT [Diy. is 

forming. From this cavity the impuritfics can I >0 easily removed by 
syphoning them off ami then rctilling the iiole with water. The raw 
water system is often iisc'd wlmro no exhanst steam is available, as in 
elcctrically~cl riven plants. ^ 

Note.-^The plate system of k?e-makincj (see Fig. 578 for elements) 

is uh<m 1 in somt‘ phint.s but is seldom 



Fig. 581. — Crows seel, ion of ice cans, 
showing low-proHHiirc air'aKif'Ji'fiGH 
syatom with double down pipes. I’lns 
shows an adax)iulion of a distilled-water 
brine tank to a raw-water system. 


installtHl at pretstmi, because of the 
high firsi. cost, grtniter head room 
iu'<‘.cssn.ry, aiul lowt'r l)ack pressure 
rcHpiirtHl. U. is a raw-wa,tcr system, 
in whi(di t i(‘c is formed on a flat 
pinto that is imnuu-sed in a tank of 
raw wattT. The hollow plate is 
arrn.ngcd so that it functions as an 
(‘xpansion eoil. The liquid ammonia 
is fed into it and the vapor is with- 
dniwn rrf)m it. The ice cake formed 
is larger and irregular in size, 

'Fxample.~I1ow much heat must 
be a,l>sorl)(‘d from I lb. of water at 
TO^'F. to changes it into ice, at the 
temperat ure of the brine leaving the 
tank, KF’ F. Assume specific heat of 
a,s 0.5. Holution. — Heat absorb- 

ed = Heat required to cool water to the 
freezing feinperature, + Latent heat of 
fluxion 4- Heat required to cool ice to 
hritie tenrpentturc = (70 — 32) + 144 
-b [(32 — 10) X 0.5] ™ 38 + 144 +8 
= 190 B.Lu, per lb. of water or ice. 


659. The Unit Of Capacity In Refrigeration Is The “Ton.”^ 

Refrigeration, being essentially a lu'at-transfcr process, its 
capacity is measured by the (luantity oi lu'at extracted per 
unit of time and is eciuivahmt to a rat(^ of ciooling of 12,000 
B.t.u. per hr. It has a sonKwhat radvioiud basis. If the 
latent heat of fusion, of ice is taken, as 144 B.t.u., which is 
nearly correct, then the heat required to melt one ton (2,000 Ih.) 
of ice == 2,000 X 144 = 288,000 B.t.u. Now if this heat was 
absorbed in one day (24 hr.) the heat would be transferred 
at the rate of 288,000 B.t.u. per 24 hr. or 12,000 B.t.u. per hr. 
or 200 B.t.u. per min. Since the rate of transferring heat is 
not necessarily the same in all parts of the system, it is desir- 
able to establish a standard place of measurement. Thus a 
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system is said to have '^one ton refrigeration capacity^' when 
it is so proportiont'd iluil iho, n-frigcndhig fluid in the expan- 
sion coils will inuicw normal sp(M*ified hMuperal.uni and pressure 
abstract heat at the rat<^ of 12,000 Ji.t.iu per hr. or 200 B.t.u. 
per min. 

Noth.— S tandard rating of a nd'rigcratioti inacluric k the number of 
tons of rofrig(‘.ration it <l{div(a'.s under tlu^ following conditions: 

1. N'othing but Ii(iuid shall (udta- the expansion valve, and nothing but 
vapor shall eut(n’ the comprtsssor (ylinder (impeller in a centrifugal com- 
pressor) of tlm (u>inpression nd'rigtn'ating system or the absorber of the 
absorption system i . 

2. There shall h(‘. 9'^ P. (5*' C.) sul)co<>Ung of the liquid entering the 
expansion valve and 9*^ h'. (5*’ C.) superheating of the vapor entering 
the compression (;ylind(‘r or the ahsorher. The points at which subcool- ■ 
ing and superiieating are detennined must be within 10 ft. of the cylinder 
or absorber. 

3. The inlet pnwsure is t.hali whicdi com^sponds to a saturation tem- 
perature of 5“ P. ( — 15" C.). 

4. The outlet prctssurt^ from tluj compressor cylinder or generator is 
that which cornvsponds to a, saturation temperature of 86° F. (30° C.). 

Note. — Ice-making Capacity Op A Plant Is Less Than The 
Ton Kefkicehation CAr'AciTv. — -The ton refrigeration capacity con- 
siders only the late.nt lieat of fusion of icc. In ice making, the water 
must be cooled to thci fixa^zing temperature, and usually the ice is cooled 
to the temperature of the: outgoing brine. Thus, moi'e than 144 B.t.u. 
must be absor)>CHl i-o produce one x)ound of icc. The ice-making capacity 
is not a definite ra-tiiig since it depends on the losses and the temperatures 
of the water and finished ice. It usually is about 60 per cent, of the ton 
refrigeration capacity. 

660. The power consumed by the compressor in a mechan- 
ical-refrigeration plant varies from 1 to 2.5 i.hp. per ton of 
refrigeration. The greater the difference between the com- 
pressor' suction and disiduirgo pressures, the greater will be 
the power required for a ton refrigeration. 

ISroTB, — ^T hb Coefficient Op Performance Op Refrigeration 
Machines ~ (heat extracted from the cold body) {the indicated work 
done by the compressor). Both terms must be expressed in either British 
thermal units or foot-pounds per unit of time. See also Sec. 405. 

661. The liquid-air process operates on the same general 
principles as does the air refrigerating machine. By means of 
this process, low temperatures can be obtained and air can be 
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liquefied. A diagrammatie Kk(d,ch of tlie 

iig. 582. process is shown in 

•">82 (usually of the fo 

mereaso ia telnpcratu«o^“;: to prevent tot 

consists of a donbkspipc coil (one nine f • ‘'‘'Cnotnizcr/' £/ 
m a well hoat-ir,sulata,! tank. ^At'thc I.oti'on' 

two coils separate, but 



Weeitte 


Pio. 582 


■lOiapjrammatif! vi<‘w or Ow. T • i .. — 

of the. L,„ae, liciuiel-air apparatus. 


'“■■ 

As the compressor continues in ' ^■<‘RuIa(erI. 

tWf!^ throufrh the uoUdlo 1 air flows 

'hrottling expansion (constaol hc-o u ' Af, m which it suffers a 

outercoi oftheecon„n,fx,.rin(„tl,c^. : ‘’f Wu’ough the 

outer coil of the oconoinincr T t flowing through ho 

'^1, The temperature on,hti !f’'’''^^ ‘he incLing 

bofTTlf <>id'goinff air wr ‘-^'Pttnsion into V 

both the incoming and outgoing air t’e, T ' ‘’"‘<'‘>'>od it. Thus in S 

ProcL"', oontiiuics to ci^rrtlw reduced 

process is accumulative and, as the eo.„ ' ‘*0 system. The 

temperature faUs until the HquefX rr"" the 

iquelying teniporature is reached it^ V 



Sec. 661 ] 


TION 


647 


A portion of the air will therefore condense as it flows through N and will 
collect in V. As some air is condensed into a liquid, more air must be 
admitted (in small ciuautity) to the system through the valve, B, to take 
the place of the liciucfied air. The liquid air can, when formed, be 
drawn off through the valve, D, 

QUESTIONS ON DIVISION 18 

1. Define refrigeration. Why iw it ti'ented in a Ijook on practical heat? 

2. Name several uses of refrigeration. 

3. What are the rcquire.inents of a good refrigcratioji system? 

4. Define refrigcranl. Refrigerator, 

6. Why are the walls of icc-])oxes and cold-storago rooms composed of heat insulators? 

6. Name several good heat insulators. 

7. Into what two classes may refrigeration procossos be divided? 

8. What are the three important natural refrigeration processes and what is the 
underlying principle of each? 

9. Where is cooling by surface evaporation used? 

10. What is the nuniiuum temperature obtainable by surface evaporation? 

11. For what classes of refrigeration is cooling with ice, best adapted? 

12. Draw a sketch of a room cooled with ice and explain the essential features. 

13. What substance is used as (he heat carrier in the refrigeration processes where 
the melting of ice produces the cooling effect? 

14. Upon what factors does the success of a cooling process by means of ice depend? 

15. What is a freezing mixture? How are freezing mixtures used in refrigeration? 

16. Where should the cooling coil bo placed in tlie cold-storage room? 

17. Into what two types can mechanical refrigeratioir processes be divided? Define 
each. 

18. Draw a diagrammatic sketch of a cold-air refrigerating machine and explain its 
operation. 

19. Upon what princiide are the vapor refrigerating processes based? 

20. In what two ways may temperatures below atmospheric be obtained by the use 
of vapors? 

21. Explain the operation of a water-vapor refrigei*ating machine. 

22. Draw a sketch of an elemcntai'y ammonia refrigerating process, and explain its 
operation. Why is this arrangement not used in commercial vapor refrigeration 
processes? 

23. Name the liquids frequently tiscd iu commercial vapor machines. Give the kind 
of conditions for which, each one is best adapted. 

24. By what two methods may the vaporized liquid be restored to its initial liquid 
condition? 

25. What are the essential parts of a vapor compression refrigerating process and 
explain the use of each? 

26. Explain why a compressor is necessary in a vapor compression refrigeration 
process. 

27. Wherein does the vapor absorption process differ from the vapor compression 
process? 

28. Draw a sketch of an elementary vapor absorption process and explain its operation- 

29. Describe the operation of a commercial vapor absorption process. How does it 
, differ from the elementary process? 

30. How can the increase in efficiency obtained by the use of the exchanger and recti- 
fier be explained? 

31. What are the relative merits of the absorption and compression processes? 

32. Upon what conditions does the economical operation of vapor processes depend? 

33. Explain the brine or “indirect” system. Discuss its advantages and disadvan- 
tages. What is the direct system? 

34. Describe the can system of ice making, when using raw water. Describe the 
plate system. 
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35. Dofnie a Ion nirigmiHon, I’lxplain tho diflVnaico !)(‘twooa ton refrigerati 
(iiipnoity and itH^-nuikin^t cainiiity. 

36. How much fmwcr in |];cn(‘rally nupiircd per ton ndi^wition? 

37 . Whai^ in iinuiui by tin* coidliciiuit of ptM’formancc? 

38. Describe tlic liquid-air proct'ss. 

PROBLEMS ON DIVISION 18 

See also the rofri|^:(u‘aiion prolihuns in and followini; Div. 12 . 

L Th(‘ temperature of i!ie atinoHpheiv in 7(P F, and Kh relative humidity is 840 
What is the loweist tmnperaliire that can he ohiuined hy .surface evaporation? 

2 . An ie(‘-l)ox with a H\irfa,e{* of h 20 ,s(j. ft. ha.s a l(‘aka,‘!:<* of 0.7 B.t.u. per sq. ft 
hr. The heat that imiMt he ahHorluul from (he eonlenl.s and I hi' air changes is 900 Btu 
per hr. Ifow nmch ice will hi' mailed I'vi'ry 21 hr.? Assmni' lalent heat of ice as Ui 
B.tai. 

1 Air at 100 Ih. i)er Hip in. ahs. ami a li'inperature of 100 ^ P, is all owed to expand in a 
cylinder a, ml <lo work on a pinion luilil the pri's-siire falls li> 10 Ih. piw sip in. abs. Assum- 
ing adiahatie (friefionleHs) expaiiNion, what is flit' li'inperalnre of the expanded air? 

4. If water in (0 hoil at fdF F., wha,t must he (he pri'.ssure of the water? 

5. If 10,000 Iht.ii, mnsi he nl).sorheil from a rmun per hour, how many pounds of 
anhydrou.s ammonia at a temperature of I'k must he vaporized al^ a pressure of 29.95 
11). per sif. in. abs. eaidi hour? Assumi' ammonia vapor huives dry and saturated. 

6 . If the tempm'ature of tlu^ eoiidensm’ eoolim'; water is 70® F., what is the miniinum 
condenser pressure ullowahle, in an ammoiua eompr('.sHion process? 

7. If the water is at 70® F., !mw inueli heal must hi' ahsorhed from 1 lb. to change it 
into ice, when the ice is cooled to a temperature of 20® F. 

8 . If ill an actual plant 200 B.t.u. are ahsorhed to froi'ze 1 Ih, of ice, what is the capac- 
ity in tons refrigi'ratiou reipiired to produee 5 Ions of iee in 21 hr.? 

9. In a certain plant, the (U)nipri's.s()r does 2.0 hp. of work for a ion refrigeration cooling 
oUecL What is the coetllcient of performaiiee? 



DIVISION 19 
INSTRUMENTS 

662. Instruments for measuring heat effects 
will be discussed in this division. Strictly speak- 
ing, heat cannot bo measured. But certain of its 
effects, such as temperature, pressure, volume 
change, and the like, may, with properly designed 
instruments, be quite accurately measured in units 
(discussed in preceding divisions) which have been 
adopted for this purpose. Quantitative consider- 
ation of the values, stated in terms of these units, 
which may be obtained under different heat con- 
ditions affords much information which is almost 
invaluable to the engineer. In fact, the material 
in the preceding divisions of this book is based 
largely on data which have been or may be obtained 
only through the use of heat-effect measuring 
instruments’ of the different types. 

Note. — The chaeactebistics op the difpeeent iisr- 

STETJMENTS WHICH WILL BE DISCUSSED in the following 
sections are, in most cases: (1) applications, (2) operating 
principle, (3) installation, (4) accuracy, (5) maintenance, and 
(6) calibration. 

663. A thermometer (Fig. 583) is a device for 
measuring temperature (Sec. .57). All temperature- 
measuring devices are not, however, called ther- 
mometers; see Sec. 672. The term thermometer is 
usually applied to those temperature-measuring 
instruments which depend for their operation upon 
the expansion or contraction of a fluid or solid, and 
which are capable of indicating temperatures 
ranging from about —150 to +1,000 deg. Fahr. 

649 





Fig. 583. — Engraved glass thermometer. 
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For meawuriiift- cxtrcmely-high or low {{'niiXM-jUiiros, devices 
called vyroyneters (Sec. 672) arc^ ordinarily employed. For 



Fig. 584, — Front view of bi-motallic 
theriuoniotcr. 



Fio. r>8r>. — Ri'siuotc-rcading indicat- 
ing (h<*rmoim>t<n'. The bnlb, B, is to 
be hx^sited at. t,h(> point at which the 
ieiuperat.iii’t^ in to be taken. 


principles, method of construci.ion, and the different scale- 
systems of thermometers, see Sees. 57 to 64. 


Bust-Or Mo/lsture-^of C&se^ 


‘ySfor/ec/ Af 
. IJ P.M. 


a y u 

®r 

mM 


■Aci/ust/y7y^ 
Holtow I 




Fig. 686. — Remote-reading mer- 
cury recording thermometer. (Taylor 
Instrument Co., Rochester, Y.) 


664. Thermometers may be 
divided into two general classifi- 
cations: (1) Indicating thermom- 
eters (Figs. 583, 584 and 585), 
whitdi indicate the temperature 
existing iit the location under 
considcu’ation . (2) Recording 

therniotneters (Fig. 586), whereby 
the I (‘in pt'riii.nrths obtaining at all 
of the different instants through- 
out a (‘.(U'tain time period are 
re(‘.orded on a cliart. Indicating 
thermomfvters of different types 
may bo obtained. The temper- 
ature change may be indicated 
by virtue of the expansion or con- 
traction of either a solid, a liquid, 


or a gas. The operation of recording thermometers (Fig. 598) 


usually depends upon the expansion of a liquid, a gas, or a 
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vapor. MercAiry and alcohol are the liquids which are ordi- 
narily used in indicating thermometers. For discussion of the 



'Fig. 687. — “Haiidled 
thermometoi* auspendo 
for use in. open, kettle. 


various types under each of these classifi- 
cations, see following sections. 

665. Mercury or alcohol indicating ther- 
mometers (Figs. 587 and 588), which are 
especially designed for convenience in deter- 
mining temperatures, within the previously 
specified thermometer temperature ranges 
(Sec. 663), for practically any industrial 
service, are regularly manufactured. For 
extremely accurate determinations, a ther- 
mometer which has the graduations engraved 
on the glass stem (Fig. 583) should be used. 
If the nature of the work is hazardous as^to 
glass breakage, an armored thermometer 



Fig. 688. — Straight-stem (S) and 
oblique-stem (0) thermometers equip- 
ped 'with, oblique flanges and mounted 
on a digester- (.Taylor Instrument Co.) 


(Fig. 589) should be employed. For temperature determi- 
nations where facility of reading and protection from breakage 
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are more important than extreme acuairacy, tlie tliemioraeter- 
biilb and .stein arc scKnircxl 590 and 591) to a metallic 



inonrd.ino-, Tlie graduations on the scale, which is 
lield on or wlucdi is si.ainped in the mounting, are 
made extremely largt^, and that part of the glass stem 
whicli is visible from the front nearly always is so 
shaped (Fig. 591) as to magnify the liquid column in 
tlie glass tul>e. 


Notk.— For mwasurino thk tkmpshatiire op a confined 
sirBSTANCE, siKih US s(,eam or a in a pipe lino or tank, a 

thernionu‘.ter well (Fip;. 592) nniy l><^ scrcnvcHl (Fig. 593) into a 
ta.ppc(l hole in l.he pipe or tank. To insure that the 
thormoineter-hnlb will not Ixi ^lir“jn(^k^^t(Kl and that it will be 
at the sa.ine teinj[>(u-at,\ir<!! as t.he Ihiid, the temperature of 
which is l>eing luofisunul, l.he well is filhul with mercury, 
melted Kold(u% or oil, and the therinonieter-liulb is then 
placed in the liquid- lille<l W(‘1L Ano(h<m tyi>o of thermometer 


which is used for the sainc* ])urpose, whewt^- 
in the thcnnonietei-iuounling is rigidly 
fastened to the well, is shown in Fig, 594. 
This construction is generally employed 
for i:>ermanent installations. Thcu-inom- 
eters, of this general type, are avaihible 
which have dimension B (Figs. 588 and 
595) equal to a maximum, of al>out 5 ft., 
and angle A varying from 15 to 180 deg. 

666, Indicating thermometers of 
the dial-type (Figs. 584 and 596) 
which operate on the bi-mtitallic 
expansion prirndph^ (See. 188), are 
not, ordinarily, highly accurate un- 
less very carefully and (.>xpensiv(*ly 
constructed. Low-priced thermom- 
eters of this type are particnilarly 
applicable for the approximate 
determinations which arc satisfac;- 
tory in residences and offices. They 

Pia. 689. — 'Armored thermometer. The holes, 
JJ, in, the arm. or are to permit intimate contact 
between the thermometer bulb and the substance 
in which it is immersed. 
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are rugged in construction, and not so easily broken as are 
glass mercury thermometers. The usual temperature range is 



Fig. 591. — Transverse section thronRh 
a protecting thermometer-scale case. 



Fio. 592. — Thermometer well. 



tected by waste. 



(^Taylor Instrument Co.) 


from about —40 to +160° F. More accurate dial-type indi- 
cating thermometers employ a mechanism similar to that used 
by the recording thermometer, Figs. 586 and 598. 
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NoTW. TiIH I»UIN<’ 1 PL 1 .) OK rilK Br-MKT\rii#H « 

.r.u.KMOMK.„0H ha.s i>.v„ ..xpini.....! ’,,sK H^rr^r 

moKtiific-mclal .sl.rip 1>,! coilwl iiUo a spiral 


i'>07), the metal strip 



will If Its tomporatun. is elranKe.l, ten,! I„ 1, a. sane ,n<,ra nearly straight 
or It will tend to enrve^ more, depeiidiiiK upon (lie metals, their arrange- 
ment, and the temperature change. If I, he .strip l.as a tmidency to 



(SfoefJb/Ttyri/ 


V 




Thx^rmostotf-- 


Fia- 506. 



‘vVcir C/rcumfere/Tce 
Or/^/hcf/ Circurr?-^—— 

Fia, 507. 


Fig. 596.— Roar view of bi-«u)t,allio tlx^mmmotor of 1-1^. 584. 
different 'TK ^^V^'vnipc netion of circular tfun-rnostat. {A and B are 

in diameter D ) mcreaae, O, m circumference in aliout tt or 8.14 times the increase 

diaJ^eter of the spiral (Fig. 597) will bo incroased, and 
nee Its circumference will be increased. Since the lineal length of the 
spiral strip remains nearly constant, this increase and decrease in oir- 




Sec. 668] 


INSTRUMENTS 


655 


cumference will, if one end of the spiral is held stationary, cause the other 
end to niove along the circximfcronce. By providing a number of turns 
as S, Fig. 596, this movement will be greatly increased. The loose end 
of the spiral is connected to a gear (O, Fig, 596) which operates to rotate 
the indicating hand over the dial (Fig. 584). With proper calibration, 
the temperature of the medium surrounding the coil is thereby indicated. 

667. A remote-reading thermometer (Fig. 585) is one 
which has a long metallic capillary tube, T, that connects the 
bulb, B, to the actuating mechanism which is within the case. 
The length of this caf)illary tube may vary from a few inches 
to about 100 ft. With this instrument, the bulb, B, is located 
at the point (which may be relatively inaccessible) where the 
temperature is to be measured and the indicating portion, 7, 
of the instrument is mounted where it may be read con- 
veniently. Remote-reading thermometers may be purchased 
in either the recording or the indicating type. They are 
capable of operating over temperature ranges of from about 
— 40 to +1,000° F. The substance contained in the bulb and 
capillary tube may be either a liquid, a vapor, or a gas depend- 
ing upon the temx^erature range. In one make of these 
thermometers (the Bristol) the temperature ranges for the 
different media are liquid, —60° to +150° F.; vapor, +90° to 
+500° F.; gas, -60° to +800° F. 

668. A recording thermometer (Figs. 586, 598 and 599) 
automatically plots a graph of temperature against time. 
In many applications, such as core, enameling, and japanning 
ovens, cold storage rooms, drying rooms, and the like, the final 
quality of the product depends upon certain heat processes. 
In nearly every heat-treating process there are predetermined 
limits within which the temperature must be maintained for 
given lengths of time. Frequently any variation from these 
will seriously damage the product. By using a recording 
thermometer, a complete and continuous temperature record 
may be obtained. The temperature range of recording ther- 
mometers is from about —40 to +1,000° F. Instruments 
of this type may, for low-temperature ranges, be either 
self-contained (wherein the bulb is contained within the 
instrument), or, for all temperature ranges, they may be 
remote-reading. 
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Explanation.— T .11 M tmec’Hanism of a ekmotb-keading mercury 
RBooRDiNG THKiiMOM KTBii IS sliowii ill Kigs. TiSi) jind 598. The spiral 
tubular coil, E, is eoniua'ted t.o t he renu>t<’( bulb, B, by the tube, T, The 
bulb and tube are identical with those in Fig. 585. Mercury, which ia 



the actuating luodiuTU in Fig. 579, iills t he bulb, (‘xt ianls t hrough the fine 
bore in the flexii>le tube, and t hrough t in' dm': !)ore of t he (‘oil B. Upon 
being heated or cooled, the mercury in tln^ bulb ('xpands or contracts 

and the'; pr(\ssurc tlms produced is 
t.ransmitt Cid by t lu' mercury (iolumn in 
tln^ tulx^ to 8. This causes the free 
('lid of 8 to move (8('c. 688). This 
free (unl of B, by nu'aus of the lever, B, 
op(u*at('S the pi'ii-arm, A. 

Thus d inovf'is to t lie right as the 
k'mperat-ure inc.r(^as('S and to the left 
as it dt'cnaiKi^s. The chart, B, being 
propmiy graduated, tln^ temperature 
at the l)ulb is indicated by the position 
of d. The chart, I), is rotated by the 
Fig. 599. — Recording thormomct<^r cloe.k-moV(UU(mt, C, SO that D makes, 
to record temperature inside can while ^ay, one revolution in 24 hr. Suppose 
being processed. ^ p.m, t.hc apparatus is started, 

and the chart is so adjusted that the line is directly under the 

inked pen point, P, which is carried on A. Then 24 hr. later, the ll-p.m. 
line will have again rotated around to a position under the pen point. A 
complete and continuous 24-hr. temperature record is thereby provided. 
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The bulb, B, of Fip;. 508 may bo mied with a volatile liquid or gas. 
Upon being heaicHl, some, of the volatile liquid will evaporate, causing 
the pressure above (Ik^ liciuid to in(‘,reasc until it equals the pressure 
corr^pondiug to tlu^ {>oiliug point of the licpiid at its present temperature. ‘ 
This pressure is trnnsniitl.ed through the capillary tubing to the hollow 
helical tubing, causing h. to (expand in the same manner as a Bourdon 
tube, as explaiiuMl uiuhvr See. (>88. 

669. The calibration of thermometers is usually effected 
by coinpttrison with a s(HM>iidary standard. A secondary- 
standard th(u*in<)tiu‘t(H- is one that has been calibrated against 
a primaiy-standard gas therniometer. Any thermometer 
manufact/ur('r, and also tlie U. S. Bureau Of Standards, Wash- 
ington, D. C., have suitable n-piniralus for doing this work. 
The charge is a nominal one of about 25 cents per calibration. 

670. To check the graduations of mercury thermometers 
as to the boiling point and the freezing point of water, the 
following method, which is sufficiently accurate for all power- 
plant detcnaninations, may be used: Suspend the thermometer 
(Fig. 70) so that it will bo entirely surrounded, up to the 
reading point, in tlio vapor of pure boiling water at atmos- 
pheric pressure. Note the reading. Also note the then-exist- 
ing atmosplieric pressure as shown by a barometer. From a 
steam table (Sec. 394)® ascertain the actual boiling point for 
water at the existing atmospheric pressure. The difference 
will be the error in the position of the boiling point. Now sur- 
round the thermometer to the reading point with a mixture of 
water and ice. The diffei*ence between the reading thus 
obtained and the 32° mark (Fahrenheit scale) will be the error 
in the location of the water-freezing point on the thermometer. 

Note. — Thermometers Should, To Insure Accurate Tempera- 
ture Readings, Be Cai^ibhated Frequently. — By continued use, the 
alternate cooling and heating of the bulb will effect a change in the 
coefficient of expansion of the glass. This will, unless corrected by 
frequent calibration, result in erroneous readings. A thermometer is 
usually calibrated while immersed up to the point calibrated. When 
thermometers are so used that it is impossible to obtain such immersion, a 
ste?n correction may, for Fahrenheit thermometers, be applied by using 
the following formula : 

(378) Stem correction == 0.000,088 X {No. of degrees projecting) X 
{Thermometer reading — Mean temperature of emergent stem). 
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GhiHS-tuhe thcnut)in(‘tt‘rs an* ina(U* which an* a<*cura.tc (o withia about 

o.or F. 

Note. — A Tiiermometkh May He ( Juadviated In Any Desired 
Systism'.— T hose wyst(*nis, as (*xplaiii(‘(l in Hen*. 09 , whi{‘h are mos^ fre- 
quently used arc tlie Fahr(UilH*il. a,iul the Cent igra-dc!. The relation 
which exists betAvec*n the t,(anjK‘ra,tun‘ of sa,( lira ted stea-in and the steam 

pn*Hsure (Sc‘e. JHo and Table 394) 
p(*nnits a. th(u*inoineter to be cali- 
— ■] lira t ed tl'w* 1)90) lioth in degrees and 

M - i in pounds p<*r squan* inch. Such a 

i h-o kh: ■ lh('rmomet(*r, when usi'd to measure 

the teinp(*ratur(‘ of saiu rated steam 
!■ q-ii i hS<‘{*. do-l), also provides an accurate 

l>n*ssun* gage. 

• -to ' 

671. Certain Precautions 

|j Uo ' j ~ 2 c' I Should Be Observed In The Use 

I Of Thermometers. — The loca- 

■; \l tion of Ihc^ t honvionieter bulb 

1 1 s y?. should l)(^ su(‘h that intimate 

j . ..y •//he/ "' (‘ontaid. will be provided between 

it and (h(^ substance the tem- 

p('ra.ture of whiidi is lieing deter- 

mined. If the ])ull) is located 

0^ ^ I A in a or is in contact 

\r"' i with a containing wall or other 

\ Steoimg. ^ I , . 

p ! s-h;. I;"';. ; 1 obstruction, erroneous readings 

r. 1.,^* e. II V. j will usually nnsult. A thermom- 

^ r^'^" '' * ' , 9ter \vhi(*h is used in a well 

Fig. 600, — ihermoinotor sra(hiait*d t i i i 

to read temperature ill dogreoH Falu-ou- (big, »)93} should bC KOpt irom 
heitand saturated-stoa.x prc«<ur(i in contact Wit ll fclui llietillby Waste, 
pounds per square inch gage. ah i -i i i 

A tli(n*momet(n* should not be 
carried bottom end upward. It sliould nevtu* l)o subjected to 
temperatures which will cause the indicator to pass beyond the 
highest temperature graduation. 




Fig. 600. — Therinoinotor graduatt*d 
to read temperature in dc'^grees Fahreu- 


Note. — In Important Tests Where Temperature Determina- 
tions Are Required, Aul Thermometers Shouud He Caitbeated At 
The Beginning And At Tioc End Of The TEST.—They should bo 
calibrated at the beginning so that, in the event one is lirokon during the 
test, the data which have been obtained wit.h it will not be uncertain. 
They should be calibrated at the end' to det.omiinc if any change has 
occurred during the test. A reserve of calibrated thermometers should 
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be available for any , important t.est. Then, if any thermometers are 
broken during tlie test, others may bo substituted without interfering 
with its progress. 

672. A Pyrometer Is An Instrument Especially Adapted For 
Determining Extremely High Temperatures. — But, when 
suitably designed, a pyrometer may also be utilized effectively 
for relatively low tcunpcu-ature determinations. For measur- 
ing temperatun^s of from iibout 1,000 to 3,600° F. pyrometers 
are required bec^ause these liigh temperatures are above the 
*range of tiierinometers (S(.h*.. 663). Pyi’ometers are applicable 
to such heat-treating pr(>(a\ss(\s as are found in the ceramic 
industries, steel mills, blast furnaces, glass plants, cement 
plants, foundries, gas plants, oil refineries, and the like. They 



Fig. GOl. — Schematic diagram of thermo-electric pyrometer installation. 

are also used, in steam-power plants, for determining the flue- 
gas and other temperatures in the various passes in the boiler, 
stack, and furnace. 

673. The Principal Types of Commercial Pyrometers are: 
(1) Thermo-electric pyrometers. (2) Direct-radiation pyrom- 
eters. (3) Resistance pyrometers. (4) Optical pyrometers. 
(5) Seger cone pyrometers. Each will be discussed briefly in 
the following sections. 

674. The Thermo-electric Pyrometer Is Well Adapted To 
Multi-point Temperature Determinations. — As suggested in 
Fig. 601, there maybe installed in each of a number of furnaces, 
one thermo-couple which is connected to an indicating pyrom- 
eter located near the furnace. . Also, each thermo-couple 
can be connected to operate a multi-point recording pyrometer 
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675 . The principle of the thermo-electric pyrometer 
<Fig. 605) is based on what is known as the thermo-couple. 
If two wires of different metals (Fig. 00(5) arc connected at 4 
and B, and one of the junctions, as B, is heated ho that its 
temperature is greater than the toniperai.ure of , an c ec ive 
electromotive force will be gcncrat,c<l, al. i.hc jumdrons, winch 
is proportional to the temperature difference hetween A and 
B, and an electric current will, theri'by, lie made to flow in t e 
circuit. If a suitable electric mea.suring instrument such as a 
milU-voltmeter (E, Fig. 607) Ls interposed iti the circuit the 
generated voltage may bo road thereon. -Smeo the voltage 
generated by such an apparatus is proportional to the tem- 
perature difference between the cold and hot junctions, t e 
scale of the milli-voltmeter may be graduated to read the 


temperature directly in degrees. 
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676. A commercial indicating 
(Fig. 598) coiLsists of a properly 
protected tlierrno-couple, tlie 
connecting cable, C, and an 
electric voltmeter, i?, which is 
graduated to read in degrees of 
temperature. The bare thermo- 
couple (Fig. 608) sliould, before 
it is exposed to high temi:>erature, 
be enclosed iii some sort of pro- 
tecting tube (Figs. 609 and 610). 
These protecting tubes may be of 
various materials, such as iron, 
copper, nickel, chromium, quartz, 
porcelain, firebrick, graphite, or 
silica, depending ui)oii the service 
for which they arc to be used. 


thermo-electric pyrometer 



Fia. 604. — Thermo-electric pyrom- 
eter indicating temperature of a 
molten-metal bath. 


Note. — The metals of -which pyrometer thermo-couples are 
MADE may be divided into two classes: (1) Base metals. (2) Rare metals. 



Fig. 005. — Thermo-electric pyrometer, showing installation of a thermo-couple 



Fig. 606. Fig. 607. 

Fig. 606. — A thermo-couple. (A difference in temperature between A and B gene- 
rates an e.m.f. which is proportionalto the temperature difference.) 

Fig. 607. — Principle of the thermo-electric pyrometer. 


The base-metal thermo-couples are usually made of iron or nichrome and 
constantan wire (constantan is an alloy of 60 per cent, copper; 40 per 
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cent, nickel). Th{\v an^ for use in measuring tempera taircs up to 

about. 1,()00° Tlu\v are not as a<‘.cura.t(‘. a„s a,r<5 ( lie ra.re~metal thermo- 
couples, but are of inorc^ robust construct ion, and (‘lieaper. Tho rare- 
inetal therino-couph^s are fornuai, usually, by using one wire of platinum 
and one of 00 per (umt. platinum a,nd 10 per cent., rhodium. They may 
be used to measure tempera.t-unss as high a.s a.bout 2,800"" h\ 


mires of 

Dfssimtiar Jnstflafor 




"'^elcfecf 

Junction 




Fia. 008. — Iku’c thormo-c<)ur>l<'. 


Protecting 

TuhO"^ 



PtU// F/angc — " ''ill Porc^ 

Insulotor 

l''r<5. (>0i). — 'rh<*rni<)“C(Jupl<> enclosed 
in prnt.(*('{inK tube. 


677. The Temperature Of The Cold Junction Of A Thermo- 
electric Pyrometer Should Be Kept As Near Constant As Is 
Practicable. — Since (S{‘e. 175) th<^ (Udlctd ion of tlu^ instrument 
is j)rop()rtional to tlic i(Mii})iM‘a,riiro 
<lifferen(‘e Ixd.wt'en. tlio hot and cold 
jiUKd'.ions, it is evident that if a tem- 
perat.un' variation of the (‘old junction 
oc.curs, th(^ t(unp(Tatnro as indicated by 
th<^ inst ru nuui t will (‘hang(% even 
tliougli th(‘ a(*tual ttunpcu’atiiro of tho 
hot j mud ion luis rcunaiiuHl constant. 
In installations whcu’c a liigh degree of 
a(‘cura(‘y is not r(U|uir(‘d, the cold 
junction may b(i placed luuir the floor. 
Various tluunnost.atic dovi(*(‘s are on 
the market whicli maintain the cold- 
■Firz-Bricif iuiudion tcmp(U‘ature constant to with- 

Ra. oio.-Tayior in»tm- ^ ; J lun'o urc also various 

merit Company’s aliort-typo dcvicC:S l>uilt iuto pote*nti(~)metcr>S that 

thermo-couple. automatically so vary tlu^ (dreuit-resist- 

aiice as to compensate for small cold-junction tompei'ature 
variations. 

678. Calibration of thermo-electric pyrometers may be 

readily effected by comparison with a standard gas thermom- 
eter. Such a calibration may be obtained from the Bureau 
of Standards, Washington, D. C. A standard! z:ed pyrometer 
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may be secured from any pyrometer manufacturer for use in 
plants where it is necessary that a large number of pyrometers 
be checked frequently. Chemically-pure salt (sodium chlo- 



Fig. 611. — The l''6ry radiation pyrometer measuring temperature of inside of furnace. 

ride), which can be purchased at any chemical supply house, 
may be used for checking pyrometers. The salt is raised to a 
temperature of about 1,500® F., the thermo-couple inserted 
ill the molten salt and the temper- 
ature allowed to drop. As the 
temperature decreases, there will 
be a temperature-drop lag when 
the salt freezes. At this point 
the pyrometer should read 1,474® 

F. The melting points of such 
metals as tin, zinc, and lead as 
given in Table 285 may also be 
used in calibrating pyrometers. 

Note. The accuracy of a thermo- Fm. 6 I 2 . — Outdoor installation of 

BLECTBIC PTBOMETBR will depend upon: radiation pyrometer, sighted into 

a fire-clay tube. 

(1) The 'prec%B%on of caUbraUon. (2) 

The uncompensated temperature variation of the cold junction. (3) The 
scale graduations. Temperatures may be determined by this uistmment 
to within ±5° F. In general, thermo-electric pyrometers are accurate 
to within 0.5 per cent, of the temperature range of the instrument. 

679. The Fery radiation pyrometer (Fig. 611) utilizes the 
radiant energy (Sec. 142) which emanates from a hot object to 




664 


1‘liAV/riaAL II HAT 


measure the te.nporature c,f t,.. , ■ ' 

Pdit of the lustruiuenfc will ho honLl t because no 

tlian about 2S0° F. This ni),,.,.- u • '*’ ''' *'‘'“*l><'raturo greater 
temperatures, witiuu c.f <letorS2 

1,200 to 3 600° u of about, 5° F f '« ««!§ 





‘00/700/ Ir-® 
;• A j/o pr 





I . Coifp/Q 



W^Lu^ 

ff's.F*, . /T '■* 







'-d 


--Tr/^oc/j^ccyc/ 


, ,, 

of black-body radiation llKwv.r 
IS especially calibrated certain . i»«trument 

teznperature reldiug.s' po.'"'" be 

CO ffi ^ sti-eam of molten V'T 6odie,s in the 

coefficients will be .supplied hy the m m if I' , correction 

-■f-- luoMrroiz 


Sec. 681] 


INSTRUMmTS 


665 


closed over the month of tlie. tele«eope, thereby decreasing the radiant 
energy whic’h enters it. The instrument may be so designed that, within 
wide liixufs, its a.t^<mra.ey is independent of the size of the hot body or of 
the distance of the insi.rument from the body. 

680. The resistance pyrometer is a temperature-measuring 
instrument — it may be either indicating or recording — which 
depends for its aedvion upon the change in the electrical resist- 
ance of a conductor when the temperature of the conductor 
changes. Tliose instruments arc particularly well adapted for 
accurate t(nni)erat,ur(^ moasureinents over a range of from. 
— 150; or even lower, to +1,800° F. They are accurate to 
within about 0.5 per cent., or within 2° at 400° F. In this 
instrument, a- resistor <;oil of platinum, nickel alloy, or copper 
wire, whi(‘.h is eiudosed within a suitable protecting tube, 
is installed at tlu^ point where the temi^erature is to be meas- 
ured. Since the n^sisbince of the resistor coil increases or 
decreases according to i-he tenii)erature, this change in resist- 
ance can be readily and a(?curately measured with a Wheat- 
stone bridges, a galvanometer, and a pair of dry cells. 

Note. — The OALiBiiATiON’ oe a reslst.^noe pyrometer is usually 
effected by coinpn,ring its readings with those of a standard instrument, 
or by measuring its resistjinco in melting ice, in steam, and in the vapor of 
boiling sulphur; see also Sec.. 07S. Other temperatures are then calcu- 
lated by means of formulas. The constants used in the formulas depend 
upon the tenvperat ure cocjflcient of resistance of the metal of the resistor coil. 

681. Optical pyrometers are temperature-measuring instru- 
ments which depend for their action upon the comparison of 
the intensity of the light which is emitted from the hot body, 
with the intensity of light which is emitted from a standard 
source — usually a standardized incandescent lamp. To 
minimize color difficulties, and to simplify the use of the instru- 
ment, only that wave length which to the eye appears red (Sec. 
180) is I'etained. Then, by adjusting the apparatus so that 
two adjacent fields of vision, each of which is illuminated by 
one of the sources, have the same intensity of illumination, the 
temperature is determined by graduations on the instrument. 

Note. — A similar instrument employs an incandescent lamp which 
is placed between the observer and the object, the temperature of which 
is to be measured. Then, with a rheostat, the current through the 
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lamp is so adjusted that, the lamp filauu'id. lu^eomes invisilde. A milli- 
ammeter is eomu‘ct<‘d into the <dreuit, to iiu'asun', tln^ lamp current and 
is graduated to read t(miperat.ure in, <l('gr(H's. This type of instrument 
is comparatively imieeurat.e. It cannot be (unployed for temperatures 
below 900° F. 

682. Proper Installation And Maintenance Of Pyrometers 
Is Essential.— Only thus can satishudoiy r(‘sults bo obtained. 
Stationary instruiiKuits should l)(^ nu>uut.<al on a wall or post 
whicli is ixaisonably from vibration. Th(‘ thermo-couple 
or the resistan(‘o coil should I)o so instalhnl in tlic furnace or 
heated device that tlu^ proteading t ube (‘xtc'uds at least 2 in. 
inside the wall. If a porerdatn or fiin^-briek protecting tube 
is used, its tenpx'raturo sliould, to losscui tlu^ probability of 
breakage, bo raiscnl slowly. A horizont.ally instalkKl thermo- 
couple (Fig. 605) should not, wlu'n^ t(uup(‘raturos exceed 
about 1,600® F., (extend into the funuict^ over 3 in. without 
being supported at. tlie <md. ddns is to prcnauit breakage 
due to sagging. All wiring should, wh(U‘<^ possibh^, be installed 
in conduit and the loads insuhittnl from each other. Porce- 
lain insulators are used wluux^ th(^ ^^’ir(‘ is too hot for other 

typ(‘s of insulation. Instru- 
nnuits should fjc cliecked fre- 
(pumtly for accuracy. The 
indi(‘ating apparatus of pyrom- 
(d(U’s is (^xtnmudy delicate, and 
should be handled accordingly. 

683. Seger cones, which have 
already been (h^stvribed in Sec. 
283, are <'coiu>mi(‘al and satis- 
fa(‘.tory for estimating high tern- 
pcjrat.ures in kilns and furnaces. 

684. A pressure gage is an 
instrument for measuring the 
pressure (Fig. 16 and Secs. 5 to 

19) exerted by a liquid, a vai)or, or a gas. These instruments 
may for various services be so dc^siginui and graduated as to 
read pressures which range from about 0.00007 lb. per sq. in. 
in draft gages, up to about 5,000 lb. per sq. in. in hydraulic 
gages. 
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686. The operation of pressure gages is usually based 
upon one of the four following principles : (1) The manom- 
eter, Fig. 17. (2) The Bourdon tube, Fig. 614. (3) The 

diaphragm, Fig. 624. (4) The spring-and-piston. Fig. 630. 

Gages of any of these types may be employed to determine 
pressures which are either above or below 
that of the atmosphere. They are usually 
graduated to read in pounds per square 
inch, inches or millimeters of mercury 
column, or inches of water column. How- 
ever, any other desired units of pressure 
(Sec. 19), such as ounces per square inch, 
pounds per square foot, and the like, may 
be used. If absolute pressure is desired, 
atmospheric pressure must be added to the 
gage reading. Gages of each of the four 
above specified types are discussed in the 
following sections. 

686. The manometer (Figs. 17 and 18) 
typifies the simplest form of pressure gage. 

It is particularly applicable for measuring 
partial vacuum, and (Fig. 615) low pres- 
sures such as those which are produced in 
the ashpit under a boiler where forced draft 
is used. Manometers are seldom employed 
to measure high pressures. This is because of the great length 
of tubing which would be required to obtain a practical work- 
ing range. For principle of operation and description see 
Sec. 13. Manometer pressure gages of various designs are 
treated in the following sections. 
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Fig. 615. — Manome- 
ter pressure gage for 
determining pressure of 
forced draft in ash pit. 


Note. — Pressure Readings By Manometers Are Determined By 
The Difference In The Levels Of The Liquid In The Two Legs Op 
The Tube (Sec. 13). To obtain, economical construction, a manometer 
(Fig. 616) which has one short leg, S, may be utilized. The cross-sec- 
tional area of S is many times larger than that of the long leg, L. Assume 
that the instrument is, when both tubes are open to the atmosphere, 
filled with mercury up to the 0-graduation mark. Now let the outlet, C, 
be connected to an exhaust pump and the air exhausted from L until the 
mercury has risen* exactly 10-in. in L. Suppose the cross-sectional area 
of S is 10 times tha,t of L, If the mercury rises 10 in. in L it will drop 1 
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ill. in S. H(‘n(*(% insl<‘a(I of t in* v:i<*uuin luniij*: H) in. of mercury column 
it will he 11 im TlnuH^fons i\w distaiun* from tlu‘ O-jijraduation mark 
to the 11-in. gnuhiation mark mn.st Ix' 10 in. ii follows ilmt the distance 
h(d.w(‘en each hvoHuee<‘.ssiv(‘ 1-in. graduations must 
if (he instnim<‘nt is to r<‘a<l dinudly in inches of 
mere.iiry column, h(‘ in. This method of 

con.Mtru(d.ioiuiH frecjiumt ly <‘mploy(Hl in draft gages* 
sc'e Mg. 017. 
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687. A typical draft gage of l.lie manoni- 
etor i.yp(^ is shown in Fig. 617. By 
inountiug tho long Ic^g, L, in an inclined 
position, incnnisc^ or (itana^ase in t he vertical 
litpiid-cohiinn lunghi. (unisc^s the liquid level 
(in('nis(*us) to nu)V(^ along L a distance 
(‘(ttial i<) {th.c vertical diHlaticc ‘nurued) X {the 
cor^ccant of angle A ). "riiis niaktts it possible 
to gradiuito the scalt^ inoia^ (dostdy. Thus, 
if tJu^ siiH^ of tlu^ angl(^ A is 0.1, its cosecant 
(r(M*ipro(‘til of th(' sin(\) is 10, and then a 
changx^ in th(^ impn^sstul pnissure of 1-in. 
water, column will causo t lu' licpiid level to 
mov(^ .10 in. in L. I ) raft- gag{‘s are usually 

graduated to 0.01 in. An oil (11 (hI Seal, 
sptadfK*. grurvity, 0.83) which is lighter than 
ind which is colonal red, is ordi- 
narily us(‘.d in tlK‘S(^ instrumetds. Thereby 
another nnuins of s{*al<' hmgthcning is 
, ■j.-sAa-/- /.c 3 f provided. Th(^ inst rununit must be ad- 
justed by (*.ent.<n-ing tlic^ l)uhl,)l(^ of the spirit 
Draft gages wliicdi a-n^construct- 
mtino meter mercury ^d for att-acdunciii t, of (‘tich (‘11(1 to a Separate 

vacuum gaffe. t i i m 7 -/r c 

spa(‘(h and wlmdi indi(‘at(‘ the difference ol 
pressure in the two si)a(‘(‘s, arci (*alI(Ml ^Uiijferentiar'’ draft 
gages. For detailed discussion eoiKun-ning installation of draft 
gages, see the aiithorhs Bteam BoiLKits and Phactkjal Boilek 
Room Economy. 


t-i k 


H 

A "It! 'ii 
A "a C 1 

H h '-it 't 0r:>z.n 7f> 

lAfh-irtiphzr<i: . j. , 


aJ l.'-.j. ..j' 

3r f 3/ i 

Fio. 010, — Short -log lovol, B. 


Note. — The ba.rom:bter, of both the manomester and diaphragm 
(aneroid) types, is discussed in Secs. 10 and 11. 
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688. The Bourdon-tube pressure gage (Fig. 614) is one 
which ciep<iii(ls for its a(*ilon on tile change of curvature 
(Fig. 621) which o(*(‘urs in a curved metallic tube when the 
pressure on a. fluid tlHuaau is vari(xL A gage of this type is 
particularly ai)pli(ad)lo for measuring high pressures. It is 




0//~l ei^e lin^ Nu f- - 

C<y se, .-'Q£>€/7 7 a Atmo sphere Lock-Nut- Rub ber 

^ QBr.C:, 


*^lnc)fneof'Tonq-ZGg' Sp/ni iQyc/^ G/assTuZIngt-'''^ ^‘6)i Zz'yGfer 
Fiu, 0 17,“- “"rypicul draft Ku/;e of the inanoiiieter type. 


also designed to nuatsurc pressures which are below that of the 
atmosphere. For deii'miiniug pressures above atmospheric, 
these gages arc usually graduated in pounds per square inch, 
but may also be graduated in feet of water column, tons per 



Pig. GIS. — Combined pressure gage 
for ineaKuring both pressure and 
vacuum with the same instrument. 



I-EIlIpticai Section 



^-Circular Section 


Pig. 619. — Elliptical 
and circular sections 
which have the same 
perimeter. 


square inch, and in atmospheres. For measuring the pres- 
sures of partial vacuua (that is, pressures below atmospheric), 
they are generally graduated in inches of mercury column, 
A compound pressure gage (Fig. 618) is one which is designed 
to measure pressures both above and below atmospheric 
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|)rossurc on the same dial. Bourdon-tube presHuro gages are 
suitable for nu'a.suring prossun^s as liigli as 10, 000 lb. per sq. in. 
lliey are made in both the indi(‘al.ing and n'cording types.' 

A recording pressure gage is similar 
in, op(n-ation to the recording 
tlun’inonieicu' (8e(*.. 668). For ex- 
plaindion of Bourdon-tiibe-ga^ 
operation, exi)lanation below, 

lOxCLAWATION.- — Tun PRINCIPLE OF THE 
BoiiitDoN-TUitn i>RnssirRK GALE is based 
on iho fact, t hat, if a. fluid is forced under 
|)rcs.surc; into a cunu'd tube, the tube 
tiunls to st raight(ui out. Tlie straighten- 
ing ((UHl(‘n(‘y is incr(‘ased if the tube is of 
an oval s(M‘t ion. Why t his is true will 
he explaiiu'd: H a fluid under sufficient 
pr(ss,sur(,‘ b(‘. fonual into an elastic tube 
having a.n cdlipti<*al (or any otlicr than 
a circuhir) .s(‘ction, A (Fig. 619), the 
elastic tube will be forced to assume a circular scHdion, B. Hence, 
it follows that if a fluid iiruh^r pre.s.suro is forced into an elastic flat- 
tube ring (Fig. 620), wluui t.lu^ ring stud iou is (‘hanged l>y the internal 
Iiressure fi'oni'a flattened (ureh', *Sh, to a t.nie circle /S'a, the outer circum- 



Fia. C20, — Bhowinp; how inUn-i il 
pressui'O in a flat fl(‘xil)Io-(.ub<‘ rii i? 
changes shape of its croHs HtHU.io 
and thereby increases its exteri 
diameter and decreases its interi 
diameter. 



Fia. C21. — Ilhvst, rating princitfle of Bonrdon tube. (Drivii\g HF into inner tube-wall 
produces coiniU'csBion therein. Fitudiiug the euhu* tulu'-wall with P produces tension 
therein. Both operations tend to siraighteu the tube, 2\) 

ference of the tube will inen^ase from Ci to fh. Takewiae, the inner cir- 
cumference will decrease from Ri to Since the outer (dreumference 
is increased, the paxticles of the metal in it art^ under tension. Since the 
inner circumference is decreased, the partiedes in it are under compression. 
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Now, if pressure Is a.pp1i<Hl U> thci interior of a flat curved tube (Fig 
621), the elTect of t he ttnasion in t.iu^ outer circumference and the compres- 
sion in the inner cireuinfennus^ Ls to 
straighten the ring from tlui j)o,sition 
shown by the dott,(^d liiuvs to thc^ posi- 
tion shown by the full lines. The 
result is the sanu^ as that which 
would oc(!ur if tension were ini.roduced 
at many points along the outer cir- 
cumferem^e ])y pinching part,s of it 
together with pin(9uvrs (P, hhg. 621) 
and simult.aiu‘C)UHly introducing com- 
pression at many points in the inner 
circumference by driving therein 
wedges, W. In a/n a(‘.tun.l Itourdon- 
tube gage (Fig, 622), tiio movement 
of the free end of the tulx^, Ty as it 
tends to straighten, ro tat.es the indi- 
cating hand, I. The motion is trans- 
mitted through tlie link, L, the sector, 

S, and t;he gear, Gy which is mounted 
on the index-hand shaft. 



Sochzf' 


zcf.'cn 


689. A Siphon Or Water- Pia. C22. — The mechanism of a Bour- 
seai Must, For Steam-pressure don-tube pressure gage. 

Determinations With Bourdon-tube Gages, Be Interposed 
Between The Tube And The Steam (Fig. 623). — The tempera- 




Fia. 623. — Typical gage siphons used with Bourdon-tube steam pressure gages. 


ture of the Bourdon tube should not be permitted to exceed 
about 150° F. Temperatures greater than this in the tube may 
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bo proyetitci by a bent pipo .p; 

III) vv „eh wdJ ahvay,s <.on|;ain u-al.T. VV (1 /’ 

mom; thor« i„ a ool,nu„ of \va.(or I.(>(h-o,.m f 

the gage tnlx^ Tho ga.o-cv juj.. and 

and a little air. '■<‘‘--^«vely-cold water 

^OTK,— H()t?Ki>oivf~Ti,fjK (lAflRs For? rr.,. 

barometer, See. 11. Tl.e corru- ' ' 

gated diaphragin, D, is, wi,,.,, sub- 
jteted i;o pr(>ss.ir(;, ImlRCHl upwar.l 

or downward, dope,,, linpr on the 

«ide on which the j.ressure is th<‘ "■ ‘ 


iCciSv. 


/ VV/l/r 




. t-W V y/c^-y 

/ Vf Y/ / 1 (,/ f// 7? 5///C: 

Fio, G24 Til,,. A, i- . Corin(:chhr>-‘' 

1- inuHii,-uUnK r»rin,-ipIo of <lia- p,-. 

Piu-amn jmmsuim .j; . (Imi)hm#?m or 

.u» M.i«>:i(i- ^)<^^ ... 1 , n'cordinK pres- 
(‘ ‘ oover r<'rn{)V(‘(I. 

greater. This rnovemeni v 

necting strut, P, thesc'ctor A’^md 

band, I, thus moving / over t,j,e s( alef ’ v ‘''f 
„ ^ ^ <''' "Xluuite the pressure. 

To Ch ptZni 

Similar to that of Fig. 624 aro solcJom »‘^>^il^^<‘-diaphr.'igin gages 

because tho movexnent 

insufficient for effective operation ^ single diaphragm is 

op(.ratic.n. Lor oxtrou.o sensitiveness in ineasur- 
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ing low prcssuros, the usual practice is to arrange several thin-metal 
diaphragms (ix'llows), Fig. (>25, in series. These bellows are similar to 
.that shown in the radiator trap, h^ig. ,521. Pressures which are either 
above or below atmospheric may be measured with instruments of this 
type. Both indicating and recording diaphragm pressure gages are 
on the market. 

691. The calibration of gages may be effected by compari- 
son with a so-called test gage. Test-gages generally have finer 
graduations than ordinary gages and are also more carefully 



Fio. 026. Fig. 627. 

Fig. 026. — Apparatus for calibrating a vacuum gage. (Non-collapsible tubing 
must be employed for all connections. By connecting P to a pressure pump, the appara- 
tus may also be used for calibrating low-reading pressure gages.) 

Fig. 627. — Gage-hand jack. 


made and adjusted. The comparison between the test gage 
and the service gage can be made by connecting both to the 
same piping system, in which the pressure can be varied. Test- 
gages should be calibrated from time to time with some stand- 
ard source. A vacuum gage may be calibrated by the method 
shown in Fig. 626. 

Note. — To adjust an error in a gage of the dial type, the indicat- 
ing hand should, if the error is constant throughout th® scale, be removed 
with a gage-hand jack (Fig. 627) — a tool which will be supplied for this 
purpose by any gage manufacturer. Then the hand may be accurately 
reset. A Bourdon-tube gage may be accurate on its scale at, say, 50 lb. 
per sq. in. and inaccurate on its scale at 150 lb. per sq. in. When this 
condition exists, the adjustment is made by loosening the screws, E and F 



674 


PHACTICAL HiCAT 


[Div. 19 


(Fig. 622), iiiid clianging Uw distaiKH' H. If // Ls dc‘(‘mise<l, the move- 
ment of tlie iiidiea,ting hand in itien‘ased. if iho gage reads 

low on its scale at 150 11>. per Ktp in., II should ! k‘ decriMis<Hl, and vice versa 



lhree<’Wety Va!ve-> 

r ""'■™ 

Fia 


028.- 


Section of a dtaul-wehdU. 
K«,ge tfiKtei-. 


692. A dead-weight gage tester (528) piovidcs an 

absolute standard for gag<i <'a-libratioii. Boikn- inspectors 

usually employ sucli an instru- 
hts menl, as a primary standard for 

I4x in.A N A'l'ioisr.- A r> lo a n - w n i g nr 
(JAOK ’PMs'i'Kit (J6'g. 628) has a, platform, 
1\ secun‘d to a. piston, l\ The piston 
is ataairatnly fitt<‘d into a cylinder C, 
which, wlnai new, has a. cross-vsectional 
ar<‘!i of 0.2 stp in. This cylinder com- 
imini<‘a,i.t‘s at its lowtn* ('iid with a reser- 
voir, /»*, which is titled with a piston, 
/S', and which is rnovtal in or out by a screw ( hat is o|)<‘ra4.ed by a hand- 
wheel, IT. A pipe, Q, which connects to t he lowtn* })art of li^ is provided 
with unions and fittings for a.tt.a.ching (h(‘ gag(‘, f/, that is to be tested. 

To operate tlie device;, the threivway vaha^ is (doscMl and S Ls screwed 
down to the bottoiti of R. Tlnm T* is nnnovisl and C filhal witli clean 
oil. By screwing S upwaril, the; oil is drawn into R. No air should be 
permitted to entrap in R. At.tavh the gag(‘, t/, wliich is to be tested. 
Open the three-way va,]v(‘. Ad<l wedghts, IF, to prodinui the desired 
pressure in G. (Since the ad-(‘a, of R is 0.2 sip in., (‘a,ch 1 II). a,dded to the 
platform will prodmu^ a, pr(\ssur<‘ of: I 0.2 - 5 lb. pvr sq. in. on the 
oil, which is transmitted l.Iu^ndiy to t h<* gagea Th<‘ wf'ight. of t he platform 
and plunger — usually 1 II). — must, always Ix' iuchnled in the wcigl it which 
produces the pressunu) As the wtnglds, Hy a.re i)la(*(Hl on the platform, 
S must, to keep T float.ing, he s(*rew<al down. Wlnm oliservations arc 
being taken, the platform should, to redu(‘e tin' (‘fhx'.t of piston-and- 
cylinder friction to a minimum, Ix^. given a slight, rotary motion with the 
hand. When G has been testcid, screw U oiilAva.nIIy to the limit. Close 
the three-way valve. Remove G. TIn‘. t(‘st(‘r is now ready for the next 
test. 


693. Concerning the accuracy of gages, values 

cannot be given. Ihimarily, f.ho acicuriKty of a gage depends 
upon the precision of calil)ration, whicli, in turn, will be 
governed by the scale graduations. It is obvious that a draft 
gage can be calibrated and read more ncxirly accurately than 
can a high-pressure hydraulic; gagex A gage of the dial type 
should be accurate to within an amount e(|ual to about 1.5 
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r^bove^ho s.:.!.!, n.asun,..l U, the sc.lc of the gage. ^ 

iCLtfto within= 1.6 X 

2 ’:= 3 Ih. p('r 

i gages are 
feet of water 
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2 ^ 3 Z6. prr aq. 'in. 

often UBctul. ihns, .ig.iKo > J 





p!p<^Mo 


LirecHop Of 


— -Arm 


Conti&cfing 

>z?c?c/-., 



^ '" ~~ ^^pQcjure-position diagram ^ol 

rxo. 02n.-n.omo,nury iudlcatoxjor ~ 

r^: r ‘i ^ ^ 

h When so scaiea, rnt. 
column and in ^pounds the height of water in 

gage may bo used to read Jpe, square inch which 

a stand-pipe and the “toilarly, a steam-pressure 

is produced by the the pressure of the steam 

gage may be graduated to read of the saturated 

fn pounds per square is similar in function 

steam (see Sec. 394). ^ ^jegsure thermometer of Fig. 6 

to that of the temperature-p be con- 

696. An engine indicator ( ® bich draws a graphic 

sidered as a recording pressure gage w 
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record of the pimsTire.s which exisf \n‘f Kin 
during one cycle (Sec. 402 (l(*fini,'ig (.y(.j,>) The cylinder 
tion througliout a .stroke as r(>eor,0^i i ’ ^ h’'c«sure varia- 

«».) o„ H pioo. of p»,»; “■« <«. % 

dmm. Porfortl.ot .lioa.ooio,, „f i.i.l'i,.;,,;; “ 

diagrams and their appiiea “dicator 

isn-gine Peinciples And PiMoTier- ' ^ author's Steam- 


■‘-’Tnofrcot/or Sp^/h^ 



r !l / 

Ur, /art S 

.... „ h 

Simultaneously, as the pnJ.L will . ’ r^' , '>■ card, M. 

piston. P, nioves up or clown. Tlu " u?n ,",1^,7 

ment on Af. The spring R whirl, r ■ ^ d’® 

made that a oertain preLuVo aRiMnst y^wi ' ’’‘'‘'”""7 

vertical movement. Ifc foUovvH fhnf n V **' length of 

iu Kg. 629 by the polil ’>„ iL 0- traced 

variation in pressure, in that portion oVin ! r' ? wciord of the 

of the engine piston, at the differeiil- insi "•'''*u'‘ier which is on the right 
The vertical distakoe, y ^ »'« 

^presents the atmospheric pwsm.rk . ’ f’ 
the pressure of the atmosDhorr^« k i .u ‘ °°ly 

the pressure above or LTw a ^ “ proportional to 

point in the strote. “'tmosphono, in the crank end of JS at that 
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e«. A. .C.U.A 

„fi„ems-»t» („,. both. Where feaeible, the 

pimoiplo IS, hoiMt. 1, I I illoatietiooB. 


S^rSioheHetU h».; heo., used ou both illostretione. 


'i?/V;77— ->| 
Corcf- 


~p/yof 



la. 031 .— Incli«v..or greater accuracy tltau au vat.e. 

chiec-way valve, tuhcrted at C, ptovule ^ „ttaolied tO the 

1 m 630), IS indirectly attacn 

Explanation.— Iho J ^ ,.f„ 4 or Lrd is held around D by the 

engine orosshead The blan - d 1 

elamps, Z. A rcA^^ng osed between the crosshead and 

(see E, Fig. 63 Uor an example) is mterp^^ ^ 

the indicator so ^‘^oportional to the travel of the engine 

not be excessive and will ^ ^ . . - i 


I-H(&oic?i End 


— ^ . Ht-ComblTKJd 

'll:- Cr Of YiK Enol 

032 . Indicator diagrams. ^ ^ 

piston. The link mechanism, h, ®"®^^p,^®°ecumtery cahbrated springs 

---- 

“no^T-In^taking^bxba^ ™f (Fig' 6^2-1 ) ^Tlien 
diagram is first taken for one ^ i, taken for the other en^ 

card as sKown at Jl/. 
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697. A hygrometer is an nw/ r. ■. , 

deteriniiung the inoistum employed 

and-dry-buIb-th(.r,n<,nHd,.r pri iLl 



Viirious fiuinidifv /Irw • 



.. 'I WllITOUIlds Mio I,u||,,s „f 

I •‘■"-l-<lry hull, J,ygr„nud<‘r ^hMild 

.Ma(H,„ury liygromcter is 


I ,] j ,.J 

I'H' 

■ : : V- 



i«)C 

-<}(> 
TO 
CO . 
•JO ■ 

•!* 

;2f> i- 


i w-.* 

■ 


Meunting ^ 3 ocrr ^.~‘ 

Fio. 033.— stationary liyKron.oti.,-. 



|:L, 




''>!■ 




. >~vri 


^'r'' •'‘■>‘(1 cJry-hiUl) r^. 

are likely to result. ^ ^ ' orron(!ou.s readings 

hBKONICOOS.— Tlio followillK is adonfr^I f’ tlsUALLY Be 

Instrument Co., Rochester N Y • u w'tj" "■ “tnlnmoiit by the Taylor 
measured is in the neighborhood of 'on , ^ relative humidity to be 
Perature is between 40 and 45“ R thoJ the air tem- 

perature condition, a differonofin + ‘T 

unicrcnco m the mlativo-humidity reading o£ 
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approxiniatcly 30 per cent, between air absolutely still and air in motion 
at 800 ft. per min. If the humidity is between 75 and 80 per cent, and 
the temperature between 85 and 100° F., then there will be practically 
no difference between the humidity reading obtained in still air and in 
air in motion at 800 ft. per min. If the air is in motion, subject to the 
ordinary drafts that may be present in rooms, then the error under such 
conditions as compared with the readings with an air velocity of 800 ft. 
per min. will be somewhere between the limits given above.” To obtain 
accurate results with the relative-humidity tables (Table 335) as pub- 
lished by the XT. S. Weather Bureau, an air velocity of about 800 or 900 ft. 
per min. should (so the Weather Bureau advises) prevail. No appreci- 
able difference in the relative-humidity value will result, however, if the 
air velocity is as low as 600 ft. per min. 


, , }Jh-Wirfer Pf.’seryorr 

Y: 


Ba-Pfte Plate 
Dry Su!b-~^ \ j 


I ■ i liu.b 


? i 





Flexible 

SS'" 


Wafer . 
ReservoiA 


Water Reservoirs Must Be On 
Same Level To Insure Wafer 
Feedingt Properly From C to D 



Wafer Hes'ervo/ri Hnolejt Hanoi 


Fio. G35. Fig. 636. 

Fia. 635. — Typical installation of romote-reading recording thermometers for deter- 
mining humidity in an air duct. {Taylor Instrument Co.) 

Fig. 636, — A hygrodeik. 


698. A recording hygrometer or recording wet-and-dry- 
bulb thermometer, the operation of which is similar to that 
of the recording thermometer (Sec. 668) is shown in Fig. 634. 
This instrument is equipped with a moter-driven fan which, 
when in operation, produces a continuous and constant air cir- 
culatioh over the bulbs. Where the wet and dry bulbs can 
be mounted in a duct (Fig. 635) in which the velocity of the air 
exceeds about 800 ft. per min., then the blower is unnecessary. 

Note. — A type of hygkometer caleed a hygbodeik is shown in 
Fig. 636. It is practically self-reading, inasmuch as the humidity table 
is mounted on the instrument in the form of a chart. To read the instru- 
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nierit, the index hand, /, in Hwunp; to th{‘ hdf-hand scale, L, and the sliding 
pointer, P, H(d; to t !i(‘ degr(H‘ lim^ upon this s(‘a.le which corresponds to the 
wet~l)ul!> teinp(‘ra,ture n,s indicn,{.<‘d by (ht‘ w(d.-l>ul}> th(‘rmometer on i 
Tlien I is swung to tlu‘ right until P int«‘rs<‘e,ts the curved line which 
extends downward to tlie. left from tlu^ degrtn* point on R, corresponding to 
the indieat(‘d dry-hull i i.(nnpera;lure. Tlu^ index hand will then be point- 
ing to the relative humidity, //, at, the hottom of the eliart. The dew 
point and also the n.hsolut(^ humidity may hc‘ determined directly from 
the chart. This inst,rum('nt is subject to the same inaccuracies as is the 
stationary hygromtd,er of Fig. (>33. 


699. Table Showing Approximate Costs Of Various Instru- 
ments. — (Tho.st^ (lata, which w(^rc (‘ompikal from manu- 
fac'turctrs;’ (‘aialogs, an' not. inlmnled to pr(\s(‘nt (hdinite prices, 
but increly l,o giv(' ivudrr an iihui of iJn' ndativt^ costs.) 


Instrument 


Typo, 


Price range, 
in dollars 


Theemometers 

Bulb and stem mounted on wood or 
metal 

0.25 to 4 

3 to 45 

2 to 37 

75 to 160 

>Same as above, with bulb located in 
separable socket threaded for pipe 
tap 

Engraved 

Kemote-rcading ^ 

Pyeometers 

’'Phermo-clcctric 

Indicating 

Recording 

60 to 175 
175 to 600 

Radiation, indicating i 

Resistance, indicating 

Soger cones, 

175 to 470 

100 to 200 

0.05 


Pressure Gaoes 

Draft gages 

Manometer 

Diaphragm 

14 to 35 
60 to 80 

Bourdon tube 

Hycfraulic 

Steam. 

22 to 70 
4 to 35 

Indicators 

Steam engine 

100 to 275 

Hyorometers 

Sling psychrometer 

Stationary W-. and D-- bulb 

Distance, recording. 

1 4 to 10 

1 6 to 40 

150 to 260 
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700. Table showing ranges and accuracy of different tem- 
perature-measuring instruments, thermometers, pyrometers, 
Segar cones and the like. From Moyer, J. A. “Power Plant 
Testing.” 


Devices 

Range, degrees 
Fahrenheit 

Probable accuracy, 
degrees’ Fahrenheit 

Type 

1 

Class 

m 



— 38 to d- 575 

— 38 to -1-1,000 j 

— 37 to +1,500 

From 1® in common in- 
struments up to 0.01®. 

Higher ranges accurate 
to 1®. 

Higher ranges accurate 
to 1®. 

0 

S 

1 , 

E-4 

Mercury 

Jena glass, capillary tube 
filled with nitrogen.* 
Quartz glass, capillary tube 
filled with nitrogen. 

1 Alcohol or Detrol ether 

- 325 to + 100 

Accurate to 1®, 





Electrical resistance, “bridge” 
and galvanometer. 

- 400 to +2,200 

- 400 to +3,000 

+ 300 to +1 , 000 

+ 95 to +1,350 

Accurate to 0.01® for 
range 0® to 500®. 
Reliable to nearest 5®. 
Uncertain. 

Reliable to nearest 2® 
to 10®. 





CQ 



s 

o 

Radia- 

tion 

Thermo-couple in focus of 
mirror 

+ 300 to +4,000 

“ 400 to sun 

Reliable to about near- 
est 20®. 

Reliable to about near- 

kH 

PLi 


est 20®. 



+1 , 000 to sun 

+1,100 to +3,600 

Reliable to about near- 



est 20®. 

Reliable to about near-f 




est 20®, 


Notk, — '•'Mercury boils at a temperature of 675° F. In the common 
mcrcAirial thermometer there is a vacuum in the capillary tube above the 
mercury and the pressure at any point in the temperature range is that 
of the mercury vapor alone. Consequently such thermometers cannot 
be used where the temperatures exceed 675° and they are unreliable 
when that temperature is approached. To obviate this difficulty, the 
capillary tubes are sometimes filled with nitrogen, or some other inert 
gas that will not attack the mercury, under high pressure. As the mer- 
cury expands against the gas, the pressure upon the mercury is increased 
and the boiling point is raised. 

QUESTIONS OK BIVISION 19 

1. Name some heat effects which can be measured. 

2. What is a thermometer? How may thermometers be classified? 
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[Biv. 19 


3. Wlv.it iwo litnuds aro fr«‘<i\u*utl.v in llu'rm(»nu‘f ons uh the expansioa 

itUHihiin? 

4. What kind of a thoriuom<*t<a' shouhl bo onimI for ao<!urat<‘ temponiUirc determina- 
tions? 

6. Kxplain, by skoleh, (ho opt'rulion of n bbnu'tullie thennoiiuder. 

6. What is a rt'HMit'-rt'atiintf tlu'nuouuhc'r? Why is its use somctiiues necessary? 

7. What is a recordint^ lIu‘nuonu*(er? 

8. Explain (be oix'ralion of a inereury reeordinp; (hernu>uie(fr. 

9. How art" thernioinetors usually eahbrated? 

10. Wha(. i)r('(uuj(ious sfiouhl ho observed ii» Hu* use of (h<'’nnonu*t(‘rs? 

11. W'hat is a pui'onu'tfrJ' Why mus( a pyrometer be used («> nu'asure high tempera- 
tures? 

12. Name live primapal types of pyriJiuelers. 

IS. Exphiiu the opt'radou of a ( lu'rmo”<'h*e(rie pyrometcu'. 

14. Why should tlu^ <!ol<l~june(ion (<uap«'rnt \u’e (»f such an instruuunit he maintained 
nearly e.onstunt? W'hat me(hods ar<‘ fnaiuenlly employed (o ohlain a nearly constant 
cold-junc(ion (tunperal-nre? 

15. flow may (Inunno-eleetrie i>yrotneters he eahhrated? Upon what factors i 
tho aecunuiy d<‘pen<l? 

16. To what servie.e is a i'Y*ry ra<lialion pyronudiu' partitadurly applicable? 

17. Explain tln^ opera! ion of a resistane«‘ pyrom<'(<‘r. 

18. W’hat are the disad van (, ages of an optieul pyrometer? 

19. What is a jyresmir. r/uf/e? 

20. Name four principles cvf pressure-gagc' op<‘ration. 

21. WHiy arc draft gages fiaapient.ly nuid<> with t)ne short h'g and on<‘ long inclined leg? 
Why is oil often us(‘d in draft gagt's instead of water? 

22. Explain, W'itb sketches, the principle of the Hour<lon tube. 

23. To what applications a,r<' Bourd<m-tyi)e gages suitabh*? 

24. Why must a siplion he us(‘d in <‘ounection with !iuurdon-tnh(‘ stt%'un gages? 

26. W’hat are the services to which a diaphragm pr<‘SHur(‘ gag<^ may he adapted? 

26. Explain two m(»tho<Ls of calibrating gng<'s. 

27. Name the units in wliich gagi's may he gradnatetl. 

28. What is an engine indi<ai(.ur? Explain its op<‘ration. 

29. What is a hygrometer? 

30. Naum and explain twa) typ('s of hygromcili'rs. 
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SOLUTIONS TO PROBLEMS ON DIVISION 1 
FORCE, PRESSURE, WORK, ENERGY, POWER 

1. Since 1 ton = 2,000 lb., the force required = 1 X 2,000 = 2,000 
Ih. 

2. Yes. A force of 5 lb. between the wrench and the floor. 

3. By For. (1), P = = 400 lb. per sq. ft. 


4. By For. (4), Pa = Po + 14.7 = 128 + 14.7 = 142.7 0). per 

sq, in. 

6. By For. (5), P = 0.4912 X 28.5 = 13.999 lb. per sq. in. 

6. The height of water column = 30 X 12 = 360 in. By For. (7) 
Pm = 0.073,55 Pi - 0.073,55 X 360 = 26.48 in. 

7. 12 lb. A force cannot act and the system remain in equilibrium 
without being opposed by another force which has the same magnitude. 

8. By solution of example subjoined to Sec. 3, the drawbar pull = 

aOO,OOOX5)_^OOOJ6. 

9. By For. (13), TF = PL = 60 X 15 = 750 ft.4b. 

10. By For. (13), TF = PL = 35,000 XH = 17,500 in.4b. 

.. T, -O _ (140 - 65)>OM _ , „ . 

11. By For. (15), P ^SfiOQt 33,000 XI • P- 


(16), P 


11.9 hp. 


12. The piston travel = (15 12) X 90 = 112.6 /«. per min. By For. 

= (3,500 X 112.5) 

33'000« 33,000 X 1 

13. The weight of the water ddivered = 1,500 X 8.3 = 12,450 lb. per 

PL 

min. By For. (13), foot-pounds = TF =PL. P = -^ = 12,450 X 

360 = 4,367,600 ft.-lb. done in one minute. By For. (15), P = 
FL _ (4,357,500) 

33,006« 33,000 X 1 

14. The time = 3 X 60 = 180 min. By transposition of For. (16) 

. „ 33,000£P _ 33,0 00 X 180 X 6 ^ 

the weight of water pumped = F = - j yg 


^ 132 hp. 


475,200 lb. or 476,200 ^ 8.3 = 5,725.3 gal. 

SOLUTIONS TO PROBLEMS ON DIVISION 2 
MATTER. HEAT, TEMPERATURE 
1 . By For. (19), Tp = HTc + B2 = [% X 357] + 32 = 674.6“ E. 
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= H(.T^ - 32) 
To = Jg (7V 


2. By For. (19), 9 

— 103.9° F. 

3- By For. (IS), Tc 

4. By For. (IS), 

-238° C. 

5. By For. (20), T/- = ry>. 

+ 460 = 460 -h 460 = 

460 = 42S° F. a6«. 

6. By For. (21), To = To + 

+ 273 = 0 + 273 = 273 
273 = 98° O. abs. Tc = 7’,,. + 273 


'iTc + 32 = [% X (-76.5)] + 33 


’ H X (2,750 - 
• 32) = X (- 


32) =i,gjgoQ 
-396.4 - 32) , 


+• 400 = 
920° F. 


212 4- 460 

Ti.' =s 


F. abs. 
2 ^^’ ~h 460 =* - 


32 + 


" 100 + 273 == 3730 (y r 

a*. T..-l.„ + 273.f„* 

- 2I>3‘ C. *. 


6. By For. (31), c 


20 -f- 273 ^ 

2. By For. (22), Q = WCT - '/’ ) ~ tor"*" ~ 
for r,: n = (265 ^ 8) + o7i 9.3 Solving 

i!o waigr = 0 50 X 60 ooo .>r - 

(22), Q = W(r, - TO = 2.5 000 .,,0“ By For. 

w = 25,000 -r- (212 - 65) =’l72.4 to. ~ Solving for W: 

525 lory/ catorics.^'’*’B/ ifor (^O)"" ^ «««<- = 15 X 35 = 

2,084 B.i.u. c:iIonea = 525 X 3.968 = 

238,000 B.fu.^ The" cnerev ”£ r roijrosent 17 X 14,000 = 

238,000 = 28,560 IJ.i.u. = 0-12 X 

28,560 -7- 2,545 = 11.22 Ap, ^ ^iorsepower = 

---- = . 

7. By For. (32), Q = ^ ^ ~ 

12,245 B.i;.w. ^ “ 0.115 X 75 X (1,500 

8. By For. (32), Q = CW(F, - T 1 - n , ,n 

2,082 B.t.u. By For. (27) 2 082 » / ^ ^35 X (180 — 40) 

1,620,000 /i!.-76. ^ “ 0«iu»valent to 2,082 X 778 

3,600^«.£°’'' “ CW(F, - r,) =, 0.24 X 30 X (565 - 65) 

, WiCi7\ +-Wj Cj 7', 

W-.Ci+WjCj “ 

*-3 X 1 X 50) 

n. By r„. ,58), :y . x « 

WiCi + WjC, 

m L?3 .X 1 X 40) + (10 X 1 X 110) 

w X + (10 X 1) = 00-9° f*. 

w«(7« - /„,) 12 X (212 - 60) 

“ 0.109,6 =« specific heat. 


■ 80) = 


10. By For. (38), T • 


■ 88° F. 


12. By For. (33), Ca 
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13 By For. (44): Wv = 77SQv = 778 X 5,495 = 4,275,110 

14 By For. (45): Wo = 778Qo = 778 X 10.5 = 8,170 /i.46 

16 . By For. (48): Wo = F X (F. - F.) = (100 X 144) X (4.429 - 

0 0177) == 63,550 fL-lb, 

16. Bv For. (46) and Prob. 15: Qis - TFj?/778 = 63,550 778 -- 

81.7 'B.i.'«. Also, by For. (56); Qi = Qo + = 806.6 +81.7 = 

^^17 bJ For. (22): Qy = W(2’. - A) = 1 X (327.8 - 32) = 295.8 

18 . By For. (57): Q/ = Qy + Qo = 295.8 + 806.6 = 1,102.4 B.t.u. 

19. By For. (58): Q = Q/ + == 1,102.4 + 81.7 - 1,184.1 Bd.u. 

SOLUTIONS TO PROBLEMS ON DIVISION 6 

TliANSFER OF HEAT 
, 6.5 


41 X = 53.3 B.t.u. per min. 
5 


1. Rate of heat conduction 

2. Thermal pressure = 500 — 100 = 400° F. 

3. By For. (62), the thermal conductance = B = 

700 


t{T2 - Ti) 


5 X (300 - 70) 

4. By For. (63), the thermal pressure = (Fa - 

8 ,720 


= 0.609 mohts. 


=ti = 


- 679.3° F. 


(TTer^^iiO 

6. By Table 125, the value of Ks per ®‘3"^’^®'^^‘“°|'32rx*30) " 
320. By For. (66), the thermal conductance == B = - q ^ “ 


19,200 mohts. i k't -fi nrVip 

6- The circumference of a 6-in. pipe = T’*^KT^125 the value 

area of the covering = (20 X 1.57) = 31.4 sg./. ^ ^ 

of Ks, per square-foot-inch, for ' .A 

KsAJfTj. — Ti)t _0.42 X 3L4 X (300 — - Q, 923 B.t.u. 

^ ^ ^ \t2 ” T^)t _ (1,500 

7. By For. (78) , the = Q — ^ " 0.000,267,2 

= By'™' 125, the value of K., per square-foot-inch, for brick- 

work - 3 40. By For. (66), the thermal conductance through each 

* (3.40 X 1) ’ ■ 

' 9 


„ KsA 

square foot of the well-area " jr 


0.378 moht. By Sec. 
== 2.65 thorns per sq. ft. 

. 77 'a V !«=; = 90 so ft. By Table 125, the 

9 . The area of the wall * 6 X 15 yu sq. j ^ y 

value of Ks, per square-foot-inch, for brickwor 


i 

129, the thermal resistance — q 373 



686 


I^HAi^TKKAL HEAT 


the ihermal conductance Ummtjh the wall — ™ ^ ^ =s= 20.4 

mohts. By Sec. 129, the thermal recicfaNce — == 0.049 thorns. 

2 000 190 

By For. (79), the hcal^-jmwer lofss — ** 0049 ' = 36,938 


B,t.u. per hr, 

10. By Table 149, h, for wroughtwron botlics = 0.164. By For. (83) 
the heat 7'adiate<l under the initial Jire^-tempcralurc — Qu = — 



0.154 


1/2,400 + Amy _ /700 + 4i>oy 

LV ibo / \ 100 ) 


100,250 B.tu. 


per hr, per sq. ft. of hot fuel bed area, 
under the inicreaced JlreMeinperalure “■= 


By For. (S3), the heat radiated 


0.154 


r/2,000 4- 400^4 

/70() F 4(K)\ 

LV 100 ) 

V 100 / 


4 


= 132,250 B.t.u. pet hr. per 


sq. ft. of hot fuel bed area. I7ic7'ea.'ic of 7'adiated heat = 132,250 — 100,250 
== 32,000 B.t.u. per hr. per cq. ft. of hot fuel bed area. 


SOLUTIONS TO PROBLEMS OF DIVISION 7 
EXPANSION AND CONTRACTION OF SOLIDS AND LIQUIDS 

1 . By For. (97): L2 = Lt + LicUT-^ - TO = 20.1 + [26.1 X 
0.000,010,7(212 - 40)] = 20.14.8 in. Pointer will move: (10 -i- 1) X 
0.048 = 0.48 in. 

2. Substituting in For. (94): I = ci.LiT = 0.000,005 X 2G.1 X 172 = 
0.022 in. 

3. Difference in temperature =* 110 — (—30) = 110 4-30 = 140° F 
By For. (94); I == clLiT - 0.000, 00(>,3 X (98 X 12) X 140 == 1.04 in. 

4. Substituting in For. (94): I - eJnT = ().()00,00(>,3 X (50 X 
12) X 1 = 0.003,78 in. To bend or shift the pi(‘.r.s. 

5. Substituting in For. (94): X = Z = cr.LiT ~ 0.000,000,3 X 300 X 
(300 - 50) = 0.473 ft. or about 5.7 in. 

6. Substituting in For. (94): expanelon I =* aJnT ~ 0.000,008 X 

(iOO X 12) X 100 = 0.90 in. Width of expansion Joint = 5Z = 5 X 
0.96 == 4.8 in. By For. (99): Increase in, area => A = e.s’At7’ ~ 2e/,AiT 
= 2 X 0.000,008 X (30 X 100) X 100 4.8 sq. ft. 

7. Transposing For. (102) and substituting: stress ^ E X strain — 

28,000,000 X (0.0001 12) « 233,3 lb. per sq. in. 

8. By For. (102): E = - (1,600 -4- 0.3) -f- (0.002 ^ 10) = 

5,000 -i- 0.000,2 = 25,000,000 lb. per sq. in. 

9. Transposing For. (102) and substituting: strain = stress s- E =, 

(200,000 12) 4- 30,000,000 - 0.000,66 in. per inch, on a total for 16 

in. = 16 X 0.000,66 - 0.008,8 in. 
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10. By For. (94): I « eiZiT = 0.000,006,3 X (375 X 12) X 350 = 
9.92 in. By For. (107): F = BolTA = 30,000,000 X 0.000,006,3 X 
350 X 2 . 5 ’ « 165,375 26. 

11. By For. (94): I - erJ^iT « 0.000,006,3 X (20 X 12) X (600 - 

50) = 0.83 in. By ’ For. (106): = BblT = 30,000,000 X 

0.000,006,3 X 400 75,600 Ih. 'per sq. in. 

12. By For, (101), the final volu7ne, V 2 — Vfl + evT) ~ 500(1 + 
[0.000,1 X (210 - 50)] 1 = 500 (1 + 0.016,0) = 500 X 1.016 = 5QS gal. 
or an increase of 508 — 500 = 8 gal. 


SOLUTIONS TO PROBLEMS ON DIVISION 8 
HEAT PHENOMENA OF GASES 
14.7 X 12.39 


1 . By For. (109), Pi = ‘ 

. r 2 

abs. or, 76.37 lb. per sq: in. in gage. 


2. By For. (110), = 


PiFi 


14.7 X 3 


91.07 lb. per sq. in. 


= 0.385 cu. ft. 


Pa (100 + 14.7) 

3. By For. (115), Pt = P 32 [l + 0.002, 033(P - 32)] = 60[1 + 

0.002,033(100 - 32) = 60(1 + 0.138,244) 68.3 lb. per sq. in. abs. 

4, By For. (117), Vt = V, 2 [l + 0.002,033(P - 32)] = 12.39[1 + 
0.002,033(70 - 32) = 12.39(1 + 0.077,254) = 13.35 cu. ft. 

PiT, 


6. By For. (121), Pa = ^ 


Ti 


X 300) ^ 22.7 per 

(460 + 32) ^ 


sq. in. abs. 

C r-.r rr . n— > t (70 + 460) X (100 + 14.7) _ „ 

6. By For. (122), T. = 

P. abs., or (936.6 - 460) = 476.6° F. 


7. By For. (131), Fa = 


FiTa 3 X (1,800 + 460) 


Ti 

T 1 F 2 


8. By For. (132), Ta - 

■' 1 

or (595.6 - 460) = 135.6° F. 

9. By Table 244, V/ = 

X 2 


(40 -h 460) 

(4 60 4 - 32) X 15 
12.39 


13.56 cu. ft. 
595.6° F. abs., 


10 X 1 
2.5 


= 4 cu. ft. Then, Fa = 


F.'T. _ 4 X (80 + 460) _ . 035 ft 
(50 +- 460 )^ - 4-235 

FiPi 10 X 1 


10. By Table 244, Pa' 


Fa 


1.25 atmospheres. Then, 


P/Ta 

Ti 


1.25 X (100 H- 460) 


1.373 atmospheres. 


(50 -f 460) 

ai. By T.bU B44. T.- 

Th^, T. lif- - 

460) « 60.4° P. 


P. 


520.4° P. abs. or (520.4 ~ 
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12. By For. (135), Fa 


13. By For. (134), Pa 
lb. per sg. in abs. 

14. By For. (136), Ta 


P,F, Ta 1 X 10 X (80 + 460) _ ^ 

' P,Ti 2.5 X (50 + 460) “ 4.235 

P,F, Ta 14.7 X 7 X (200 + 460) 

FaXi '“'ox (60 + 460) " 


14. By For. (136), Ta = ^ ''i-^T^X 7''' 

abs. or (758 - 460) = 298° P. 

16. l'’rom O’able 251, for acofcyicno, /crt =■ .59.34. Ilonoe, by For. (148) 

, , T, PV (200 + 14.7) X 144 X 15 

the temperature — T — ~ ,j ^ 5934 “ SoS F. abs. 

or, (868 - 460) = 408° P. 

16. From Table 251, for air, fo = .53.34. lleiioo, by For. (147), JAe 

, _ Tr _ Wfe.-T _ 50 X 53., 34 X (210 + 4(>0) _ 

voluTnc V 144 X (2/)() -f" jl l 7) 4X>. J cu, ft, 

17. By For. (loO), Ao - ^ ^ ^290 4. 40O) ~ 20.23. 

p y 

18. By For. (149), tlie weight origmally in the tank Wi ' k(ft" 

£^4 X Soo + 70) = 0-"" “ ii: 


868° F. abs. 


40. 9 cu,fL 


= 20.23. 


144 X (200 + 14.7) X 10 _ o, ,, 

■ 53.34(460 -I- 75) - 10.84 to. 

Wa - Wi = 10.84 - 0.75 = 10.09 lb. 

„ .. W 30.6 


19. By For. (156), D ■■ 

20. By For. (158), W = FZ) = 88 X 0.08 = 7.04 lb. 

oa -D -ni r, _ -f'''' _ I'l’l X (100 + 14.7) 

21. By For. (165), Dit j ^ 

0.556 Ih. -per cu, ft. 

22. By For. (159al), Oa = = (lOo’-Tll^) 

23. By For. (164), Ds = = 

0.556 X (460 + 80) X (1,800 + 14.7) 7 , to ■r>er cu ft 

(460 + 200) X (100 + 14.7) " ^ 

24. The average pressures are as follows* along ah, GO lb. per sq. ft.; 
along he, 05; along cd, 60; along de, 55; and along of, 50. Hence, since 
work == (average pressure) X (change in volume), t.he work « (60 X 2) + 
(65 X 1) + (60 X 3) + (55 X 1) + (50 X 1) - ^70 ft4h. 

-O T*4 XI • (150 + 14.7) X 144 X 40 

26. By For. (149), the we^sht - W => - 53 3^ ^ 70^ - 

== 33,6 lb. Also, by For. (122), the initial temperature » Tx p • == 

MvT + 200).X (460 + 70) ^ 69io,7_ ^ (691 - 460) = 231° P. 

(14.7 4- 150) * 

Hence, by For. (175), the added « WCF(Ta - Ti) « 33.6 X 0.171 X 


10.84 lb. Therefore, the loeight forced in 


10.2 Ih. per cu. ft. 


22. ByFor. (159A),Da 


0.071,3 lb. per cu. ft. 


7.2 lb. per cu. ft 


25. By For. (149), the weight 


mVF. abs., or (691 


33.6 X 0.171 X 
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(70 231) —925 or 925 B.t.u. have been extracted. Also, by 

For. (177), the vibration work Wv 77 SWCf(T '2 — Ti) — 778 X 

33.6 X 0.171 X (70 - 231) = -719,500 

26. From Table 251, for air, Cp = 0.241 and Qv == 0.171. Hence, oy 
For. (178), heat added — Q = WCp(T2 — Ti) = 6 X 0.241 X (150 — 
60) - 130.1 B.t.u. By F'or. (180), external work = We = 778W(Cp — 
Cf)(T 2 - Ti) ^ 778 X 6 X (0.241 - 0.171) X (150 - 60) = 29,400/25.- 
Ih. By For, (182), the vibration, work = 778WCv(T2 — Ti) — 778 X 

6 X 0.171 X (150 - 60) = 71,850/^.46. 


27. By For. (132), the final temperature — Ta 


.Tiy2_(460-f-130)X90 


W 


— 52.55 Ih. Hence, by For. (178) 


Vi 100 

= 531° P. ahs. or (531 - 460) -= 71° F. By For. (149), the 
^ PV (100 •+• 14.7) X 144 X 100 
koT 53.34 X (460 + 130) 

the heat added = Q = WCp(T 2 - Ti) = 52.55 X 0.241 X (130 - 71) 
= —747 B.t.u. Hence, heat abstracted = 747 B.t.u. By For. (179), 
exter7ial work — We — P(F2 — Fi) = 144 X (100 + 14.7) (90 — 100) = 
-165,200/^46. By For, (182), vibration work - TFy =778WCy(T2~ Ti) 
= 778 X 52.55 X 0.171 X (71 - 130) -412,500/^.46. 


28. By For. (192), the work done — We ~ PiVi log« § = 144 X 

14 7 

14.7 X 3 X log. = <5,350 X logeO.128,1. Now, log 0.128,1 == 

9.107.7 - 10 = -0.892,3. Therefore, log. = 2.303 X (-0.892,3) = 
-2.054. Hence, We = 6,350 X (-2.054) = -13,040 ft.-lh. By For. 

(194), the heat added == Q = = -^16.77 B.t.u. or, the heat 

abstracted — 16.77 B.t.u. The heat comes from the external work done 
on the gas. 

29. For. (193) may be written: We = W&oT log. Hence, the 

Jr 2 


175 + 14.7 

external work = We — 1 X 53.34 X (460 + 100) log. i5 ~-{ - 14 7" ~ 

29,880 X loge 6.39. Now, log 6.39 = 0.805,5. Hence, log. 6.39 = 
2.303 X 0.805,5 == 1.854. Therefore, We == 29,880 X 1.854 = 55,400 
ft.4b. 

30. By For. (202), external work = We = 778W'Cf(jPi — T 2) = 
778 X 20 X 0.171 X (80 - 150) = -186,200 fit.-lh. Hence, 186,200 
ft.-lb. of external work was done on the gas. 

. . 77 Tr W/CgTi 

31. By For. (147), the in^t^al volu7ne = Vi = — ~ 

^ ^ Q §15 ft. By For. (235) the final volume 

300 X 144 

= Fj = Fi (p^)^= 0.815 X (^)^'* “ ^ (20)'>-^“. Now, log 

20 = 1.301,0. Hence, log (20)»-’'w = 6.714 X 1.301,0 = 0.929. Also. 
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0.929 " log 8.49. Hence (20)o*7J4 s= 8 49 tr 

8.49 = 6.92 cu. ft. By For ('236') thA ^2 = 0.815 X 

,pvfc™i y or. C23b;,^the ymaZ temperature ^ T 2 T 

-«CO+200)x(^)'S'.000xmM)...., , 

- -a3n!“. i: ^TckV" “£“■ 1 ” T 

32. By 4or. (201), the external work = TFa* = _ 

^AH_2L?90 X 0.815) —(144 X 15 X G 9‘>) k — 1 

1.40 -1 '■ - 50,600 ftAK By For. 

( 04), the vihration work = TFi/ — TVQtxrr' fm m \ 

0.171 X (-180 - 200) = ~,oZo7JlI ‘ ~ X 1 X 

33. By For. (235), thQ final volume == Fa = 10 x/'^-V^ 

— 10 X (0.233,3)0 - Now, log 0.233 3 ~ 9 36s” in 

10 

Th«.fo,^^I.. . 10 X 0.340,7 . oil7 «.“/?' B, iS! (230),°'*' 




_ 


(460 + 


100 )(g) 


„ X (4.2,S7)".2««. Now, log 

4.287 — 0.632. Hence, log (4.2S7)'>-2s» = o 2S6 v o cjo 
But, 0 180,7 = log 1.615,5.® lLcc, (4.2S7)o.t« = 

T. = 560 X 1.515,5 = 849° aic., or (849 - 400) = 389° 

34. By For. (222), the specific heat = C ~ 

(-0.171) X (150 - ?0) = -S 94 = 20 X 

abstracted. ' ‘ 239.4 B.t.ii. had to be 

773, - 

36 . By For. (222), the specific heal C = " “ ^ 

ix7-3.i7)“x (lo5 -% -^IVSb"? z 

= 6.84 B.tu. Fd.u. Or, the heat abstracted 

37 . By For. (147), the initial volume = V^ 

1 X 54.99 X (460 4 - 120) 

144 X (100 + U.rr " '=“• By For. (235), the 

I 


volume = = n(g)^ = 1.93 . 


1*93 X (7.805)0- 



APPENDIX 


691 


, , - T - T.<'-V^= (460 + 120) (i^) 

the final temperature - Tj - '■ V114-7/ 

X (0 128 1) 0*269, 2_ Now, log 0.128,1 = 9.107,8 -- 10 — • ; • 

>sirx.‘r 

ahs , or (323 460) - 137 F. ^ 

38. By For. (218), the external work = TFjb = 

(144 X 114.7 X 1.93) - (144 X 14^7 X^^ = 37,660 ft Ah. By For. 

B.t.u. ^ -b- — 1 4 Hence, by For. (238), 

39. From Table 251, for oxygen k - 1-4. ilen , y ^ ^ 

,.p /460 — 280\i:4TrT ^ 

the final pressure = P 2 = Pi \460 + ®0 / 

..r , n Q07 ^-0 515 0 - 10 = -0.485,0. Hence, 

1,800 X (0.327,3)=-=. il ggy = S.303 - 10 = log 

log (0.327,3)=-= - 3.5 X ( ■ ’ 20 1 = 36.18 lb. per sg. in. abs. 

0.020,1. Th«.f«.,P.-1.8«lX«.W 

By For. (239), the final volume ^ ^ ^ V460 -280/ ^ ^ 

. 2 X (S.050)'--. r”Thf„,o“"”;'?2xS : 

2.5 X 0.485,2 = 1.212,5 = log 16.31. Iheretore, r, 

32.62 cu. ft. 

SOLUTIONS TO PROBLEMS ON DIVISION 9 
melting and freezing OF SUBSTANCES 

1. By Table 90 the specific heat of loe Hence, 

Table 291 the latent 1“ 22)1 -t 143.3 'l X 300 = 44,502 

the required heat = { [0.604 X (32 22;i T 

B.t.u. , . . 4: == 1.0 B.t.u. per lb. By 

2. By Table 90 the specific heat of water g^^ce, 

Table 291 the latent heat of melting o ice 1^ ^ ^ ^ 258.3 = 

the heat passing to the brine = [1.0 X (65 o i -r 

-bioined to Sec. 288 the approximate freezing tempera- 


ture 


= 32 - [0.0135(^)] = 


31.899° F. 


L +;r> - 449° F. By Table 

4. By Table 285 the “eltmg temperatme of 

90 the specific heat of solid tin 
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the latent heat of fusion of tin = 25.2 B.t.ix. per lb. By Table 90 the 
specific heat of molten tin — 0*058 B.t.u. per lb. Hence the quantity 
of heat absorbed = 2,000 X {[0.055 X (449 — SO)] A~ 25.2 -f- [0.058 X 
(660 - 449 )]} = 115,466 BXu, 

SOLUTIONS TO PROBLEMS ON DIVISION 10 
VAPORIZATION 

1. By Table 90, the specific heat of water = 1.0 B.t.u. per lb. By 
Table 323 the latent heat of vaporiisation of water under atmospheric 
pressure = 970.4 B.t.u. per lb. By Table 318 the boiling temperature 
of water under atmospheric pressure =212® F. Therefore the requisite 
quantity of heat = 1.0 X (212 ~~ 32) + 970.4 = 1150.4 B.t.u. 

2. By Table 291, the latent li oat of melting of ice = 143.3 B.t.u. per lb 
By Table 90, the specific heat of water = 1.0 B.t.u. jier lb. By Table 323 
the latent heat of vaporization of water under atmosplieric pressure = 
970.4 B.t.u. per lb. By Table 318 the boiling temperature of water 
under atmospheric pressure = 212® F. Therefore, the requisite quantity 
of heat = 143.3 H- [1.0 X (212 - 32)] + 970.4 = 1293.7 B.t.u. 

3. By Table 332 the weight of water vapor per cubic foot of air at 70® 
P., for a relative humidity of 50 per cent., = 3.99 grains. Therefore, 
the weight per cubic foot for a relative humidity of 55 per cent. = 
3 99 

X 55 = 4.389 grains. 

4. The temperature difference = 70 ~ 53 = 17® F. By Table 335, the 
relative humidity = 30 per cent. From Table 332, the weight of vapor = 
2.394 grains per cubic foot. 

6. Following downward to the right from the 75® wet-bulb mark 
to the vertical line through the 90® dry-bulb mark, the relative humidity 
is found, at the intersection, to be 50 per cent The weight of moisture 
in 1 cu. ft. of saturated air at 90® F. is shown by curve F to be 16 grains 
per cu. ft. Hence, for 50-per cent, relative humidity, the weight of water 
vapor = 0.50 X 15 = 7.5 grains per cu. ft, 

6. Following upward from the 90® dry-bulb mai'k to the 80-per cent, 
relative-humidity line, the wet-bulb temperature is found to be 84.5° F. 
The moisture added = (0.80 — 0.50) X 15 = 4.5 grains per cu. ft. 

7. The intersection of the 75® F. wet-bulb line and the 80-per cent, 
relative-humidity line gives a dry-bulb temperature of 80® F. 

8. From Fig. 328, the states arc: (a) Gaseous, (6) Gaseous, (c) 
Liquid, (d) Gaseous. 

9. From Fig. 329, the states are: (a) Gaseous. (5) Gaseous, (c) 
Liquid, (d) Gaseous, 

SOLUTIONS TO PROBLEMS ON DIVISION 11 

STEAM AND OTHER VAPORS 

1. As given in Steam Table 394 for 20 lb. per sq. in. abs., h = 196.1 
B.t.u. per lb. and L = 960.0 B.t.u. per lb. Then by For. (242), the heat 
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content of 1 lb. of wet steam = HBr = ii4-xL = 196.1 + (0.928 X 960) = 
196.1 + 890.9 = 1,087 B.t.u. per lb. Heat in condensate at 60° P. is h 
at 60° F. which by interpolating the values given in Steam Table 394 is 
found to be 28.08 B.t.u. Heat given up by 1 lb. of steam = Hw ~ h at 
60° F. The total heat given of during condensation = 1,500 {PLw — h at 
60° F.) == 1,500 (^1,087.0 — 28.1) = 1,500 X 1,058.9 = 1,588,350 R.tu. 

2. As given in Steam Table 394, temperature corresponding to 185 Ib. 
per sq. in. gage is 381.9° F. Thus, the steam at 432° F. has 432°- 
381.9° or 50.1° F. superheat. Heat content of steam at 185 lb. per sq. 
in. gage, and 50.1° superheat is found to be, by interpolating the values 
given in Table 395: 


1,223.9 + 


(1,235.5 - 1,223.9)10.1 
20 


1,229.8 B,tu. per lb. 


Heat content of 1 lb. of water at 49° F. = 49 - 32 = 17 B.t.u. Then, 
heat added to 1 lb. of water = 1,229.8 - 17.0 = 1,212.8 B.t.u. Total 

heat added to 1,720 lb. of water = 1,720 X 1,212.8 = 2,086,016 B.t.u. 

3. As given in Steam Table 394 for 140 lb. per sq. in. abs., h = 324.6 

B.t.u, per lb. and L — 867.6 B.t.u. per lb. and for 2 lb. per sq. in. abs., 
h ~ 94.0 B.t.u. per lb. and L = 1,021.0 B.t.u. per lb. Then, by For. (242), 
heat content of 1 lb. of wet steam entering turbine h + xL = 324.6 + 

(0.98 X 867.6) = 324.6 + 850.2 = 1,174.8 B.t.u. per lb. Heat content of 

1 lb. exhaust steam — h + xL = 94.0 + (0.81 X 1,021.0) = 94.0 + 827.0 
==921.0 B.t.u. per lb. Heat absorbed from 1 lb. of steam = 1,174.8 
- 921.0 = 253.8 B.t.u. ‘ 

4. By Table 394, the specific volumes of dry saturated steam at 140 and 

2 lb. per sq. in. abs. are 3.219 and 173.5 cu. ft. per lb. respectively. 
Hence, by For. (245), the specific volume of the entering steam = Vw — 
xVd ~ 0.98 X 3.219 = 3.154 cu. ft. per lb. Also, the specific volume of 
the exhaust steam = 0.81 X 173.5 = 140.5 cu. ft. per lb. 

6. From Prob. 3, the total heat of the entering steam = Hi = 1,174.8 
B.t.u. per lb. and that of the exhaust steam = H 2 = 921.0 B.t.u. per lb. 
The specific volumes were found in Prob. 4. Hence, by For. (248), the 
internal energy of the entering steam = Ii = Hi — 0.185,2^11^1 = 
1,174.8 - (0.185,2 X 140 X 3.219) = 1,091.3 B.t.u. per lb. And, the 
internal energy of the exhaust steam = I 2 = H 2 — 0.185,2 P 2 F 2 = 921.0 — 
(0.185,2 X 2 X 140.5) = 869.0 B.t.u. per lb. 

6. As given in Steam Table 394, for 140 lb. per sq. in. abs., ill = 
0.507,2 and nv = 1.067,5; for 2 lb. per sq. in. abs., ill — 0.174,9 and 
nr = 1.743,1. By For. (260) entropy for wet vapor =nTr = 31 ^-!- xnx 
Entropy of steam at beginning of expansion = uz -h xnv = 0.507.2 + (0.9S 
X 1.067,5) 0.507,2 + 1.046,1 = 1.553,3. Entropy of steam at exhaust = 
Ul + xnr = 0.174,9 + (0.81 X 1.743,1) = 0.174,9 + 1.411,9 = 1.586,8. 
The increase in entropy = 1.586,8 ~ 1.553,3 = 0.033,5. The heat in 
the exhaust in excess of that which would be contained had the steam expanded 
isentropically = {difference in entropy) X {absolute temperature of exhaust 
steam) = 0.033,5 (460 + 126) = 0.033,5 X 586 = 19.63 B.t.u. per lb. 
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7. Locate on Iicat-entropy chart (Fig, 341^) the point at the intersection 
of the 160 11). per sq. in. abs. pressure line and the 40^^ F. superheat 
line. Now follow down a constant entropy line, which is a vertical 
line, until the constant pressure line of 0.5 lb. per sq. in. abs. is reached. 
The point thus located lies between the constant <piality lines 0.77 and 
0.78 at about }•£ the distance between them from the 0.77 line. The 
quality is then 0.772 or 77.2 per cent. 

To find the quality after expansion by means of the tables, the entropy 
values are used since the entropy remains constant during tlic e.xpansion. 
As given in Table 395, the entropy of steam at lOO 11). per sq. in. abs. and 
40° F. superheat is 1.592,8. Now the entropy at tVie crul of expansion 
must be the same as that at the )>eginning, or 1 .592,8; since it is a constant 
entropy expansion. In worhing a problem of this type it is generally 
well to draw a temperature-entropy diagra,m, it need not be to scale but 
ust to picture what occurs, as in Fig. G31. 



Fig. 631. — Temperature-caatropy diagraiia for i>rt>blcm 7. (Note not to scale.) 


By For. (265) : 

(n^K “ n/9 

nv 

As given in Steam Table 394 for 0.5 lb. per s(i. in. al)S., m = 0.092,3 
and nv — 1.942,0. 

Therij the quality after expansion — 

'(nw^ - ul) (1.592,8 - m.) (1.592,8 - 0.092,3) 

^ nv " nV'"" " ' 1.942,0 

or 77,26 per cent. 


0.772,6 


This value checks closely with that of 77.2 per cent, found by using the 
chart. 

8. From the heat-entropy chart (Fig. 343), the total heat of the supply 
steam = Hi = 1,257 B.t.u. per Ih.j and the total heat of the steam after 
expansion = 958 B.t.u. per lb. Also, the quality of the steam after 
expansion = 83.7 per cent. Now, from Table 395, the specific volume 
of the supply steam = 2.68 cu. ft. per lb. and from Table 394 the specific 
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volume of dry saturated steam at 3 lb. per sq. in. abs. = 118.5 cu. ft. per 
lb. Hence, by For. (245) the specific volume of the steam after expan- 
sion = Vw == xFn = 0.837 X 118.5 = 98.2 cu. ft per lb. Therefore, 
by For. (269), the external work == Ws — 778(Hi — Ha) +• 144(P2F2 — 
p^Vi) = 778 X (1,257 - 958) + [144 X (3 X 98.2 - 200 X 2.68)] = 
197,860 ft-lb. per pound of steam. 

9. Values for the solution of this problem are taken from ammonia 
table 400. By For. (242), the total heat before expansion = Hpri = h + 
xL = —44.2 -f (0.10 X 535,7) = 9.4 B.t.u. per lb. Also, the total heat 
after expansion = Hh ?-2 — — 44.2 -f- (0.95 X 535.7) = 464.7 B.t.u. per 
lb. Therefore, by For. (275), the heat absorbed = Q == Ha — Hi = 
464.7 — 9.4 “ 455-3 B.t.u. per pound of ammonia. Now, by For. (245), 
the specific volume before expansion = Vwi = xFo = 0.10 X 11.63 = 
1.163 cu. ft per lb. Also, the specific volume after expansion = F pf 2 = 
0*95 X 11.63 = 11.05 cu. ft per lb. Hence, by For. (277), the external 
work - Wi, = 144F(F2 - Vi) - 144 X 23.3 X (11.05 - 1.163) = 
33,173 ft.-lb. per pound of ammonia. 

10. As given in Steam Table 394, for dry saturated steam at 346 F., 
h = 317,1 B.t.u. per lb. and L = 873.4 B.t.u. per lb. Hence, by For. 
(278), the quality = 

1,050 4 - 0.46 T 2 — h 1 ,050 + (0-46 X 256) — 317.1 _ ^ 

X ^ — 373^4 

or, quality = 97.4 per cent 


SOLUTIONS TO PROBLEMS ON DIVISION 12 

GAS AND VAPOR CYCLES 

„ Heat converted into work 

1. By For. (283): Thermal efficiency = Heat su^Ued from hot body ' 

2 m!oOO = 0.34, or Si per cent. 

2. By For. (284): Coefficient of performance = 

Heat abstracted from cold body _ ^ 80 0,000 ^ ^ 20. 

Heat equivalent of energy supplied 194,500,000 ^ J78 

T// — Tc 2,800 — 60 


3. By For. (292), the efficiency = E = ■ 
0.84, or 84 per cent. 


Th 


■ 2,800 -h 460 


Tc 


- _ 

4. By For. (298), the coefficient of performance - 

0 4- 460 
90-0 
2 , 5 ^ 


5.11. 
= 0.424. 


6. According to the claim, the efficiency ” 3 ^^ x 18,000 
A Carnot engine would by For. (292) have an efiaeiency = E = 
Tm — T£ _ 2,700_— 850 _ ^ ggg Therefore, the claim does not violate 

the principle stated in Sec. 416. 



696 


PRACTiaAL HEAT 


6 . From the Mollier diagram, h'ig. 343, the total heat of steam at 150 
ib. per sq. in. abs. and 250*^ F. superheat = Hi === 1,324 B.t.u. p&r lb. 
Also, after isentropic expansion down to 1 li,>. per sq. in. abs., the total 
heat === H 2 = 954 BAai. per lb. From Steam Tal)lo 394, the heat of the 
liquid at the temperature corresponding to 1 lb. per sq. in. abs. = 
69 . g B.t.u. per lb. Hence, by For. (299), the efficiency = E = 


0.295, or 29.5 per cent. 


H 2 ^ 1,324 - 954 

Hi - W" 1,324- -■ 09.8 

7 - Since, in the Rankine cycle, the work done per pound of steam is — 

For. (302) — -Hi — H 2 , in this problem the work = 1,321 — 954 = 370 

B.t.u. per lb. of steam. Now, since 1 hp.-hr. — 2,545 B.t.u., the necessary 

weight = 2,545 370 = 0.88 lb. per hp.-hr. 

8 . Since 1 gal. (231 cu. in.) of water weighs 8.33 lb., 5 lb. of water will 

occupy 231 X 5 ^ 8.33 = 138.8 cu. in. This is volume Vc, Fig. 377. 

Now, the displacement volume = 0-7<S5 X 0 X 6 X 15 = 424 cu. in. 

Hence, Vb (Fig. 377) = 138.8 + 424 = 502.8 eu. in. Therefore, by 

ODA-TN 4.1 /r • 1 . /138.8\i4-i 

For. (307), tlie efficiency = E = 1 


(VcY ” ^ ^ 1 _ /138.8y4 
\Vb} \562.8j 


s= 0.429 or 42.9 per cent. 

9 . The clearance volume = 0.05 X 0 = 0.3 cu. ft. Hence, point F, 
Fig. 381, represents a volume of 0.3 cu. ft. and a pressure of 100 lb. per sq. 
in. gage or 114.7 lb. per sq. in. abs. The pressure at point A, Fig. 381, is 
5 lb. per sq. in. gage or 19.7 lb. per sq. in. abs,. To find the volume at A, 

use For. (235) tlms; Va = ^^■(p^)" = 7 ) 

Hence, the low pressure capacity = 0 “{-0.3 — 1.16 = 5.14 cu. ft. Now, 
by For. (310), the volumetric efficiency = (^Low-pressure capacity) 
(Displacement volume) = 5.14 6 = 0.857 or 85.7 per cent. 

10. The clearance volume (Vf, Fig. 381) == 0.01 X 8 = 0.32 cu. ft. 

By For. (235), Va = “ 0.32 (™ = 1.117 cu.ft. 

Low-pressure capacity = Yb — Va == (8 -f- 0.32) — 1.117 = 7.203 cu.ft. 

11. By For. (311): P = VPiPi = ^(11.7) X (110 + 14:7) = 42.8 
lb. per sq. in. abs., or (42.8 — 14.7) = 28.1 lb. %}er sq. in. gage. 

12 . Letting Figs. 385 and 386 represent the cycle (l>iit understanding 
that compression is adiabatic instead of i>oly(,ropic as shown in these 
figures), the given data is: Tx> — 34® F, Fe — Pd =* 40 lb. per sq. in. 
gage = 54.7 lb. per sq. in. abs. Pc ^ Pb ^ 130 lb. per sq. in. gage == 
144.7 lb. per sq. in. abs. Tb == 70® F. By .For. (236), Tjsr — 

k ~ j. 

-(70 + 4:60)(^j^“^y = 401® F. abs., ot Tb - 59® F. 


Also, Tc - ^ = (34 + 460) - 652® F. abs., 

or Tc — 192® F. Hence, for 1 lb, of air, the heat abstracted from the cold 
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room « Op{Tt> - Tm) - 0.002,41 X [M - (“-59)] = 0.224 B.Lw., and the 
heat rejected to the cooUng ivatcr = CiATc ~ Tb) = 0.002,41 X (192 — 
70) = 0.294 B.Lu, Also, the loork done = (heat rejected hy cooling 
water) — (heat ahetracled from cold room) = 0.294 — 0.224 = 0.07 B.t.u. 
Hence, l)y For. (281) the coeMicAtmt of performance = 

II cat ahstracted from cold body _ 0.224 „ g 2 
Heat anirplied as work 0.07 

iS. Weight circulated - 2,000 0.224 - 8,930 lb. per hr. Power = 

8,930 X 0.07 = (V25 BA,u, per hr,, or 025 2.545 = 0.246 hp. 

’ 14. l^y Tabic 400, the pressure corresponding to 80° F. is 153.9 lb, 
per sq. in. ahs., and the pressure corresponding to 20° F. is 4T.75 lb. per 

sq. in. ahs. , . 

15. llefcrring to Fig. 387, the heat abstracted is represented by the area 

B'BCC' which is nurnerioally equal to He — Now, from Table 400, 

Hc’ == 543.7 B.t.u. per lb. Also, H/i = h,i (which, from Table 400) — 
47 .S B.t.u. per li>. llonco, heat abstracted = He - Hs = 543.7 - 
47 8 = 495 9 B t.u. per lb. Therefore, to abstract 2,000 B.t.u. per hour, 

there must' ho circulated: 2,000 - 459.9 = 4.04 lb. per hr. 

Shaft output _ 9,5^ _ 

16. Sac. 4U,i\ic mechanical efficioricy = YridMedwork “11,220 

0.85 or 85 per ecn/. jr^dicated work _ 

17. By Sec. 434, the ?nochamcal effiaency - input 

QQQ = 0.80 or SO per cent. 

18. By Steam 'Cable 394, the temperature of dry satur^ed steam at 

115.3 lb. per sq. in. gage or 130 lb. per sq. m. abs. is 347.4 <. • ■ 

per sq. in. gage or 15 lb. per sq. in. abs., the temperature^s_21^3^ F. 

Hence, by l^r. (292), the ideal Carnot efficiency = E = 

347.4 — 213 _ Q Q Qj, 16.66 per cent. From the Mollier chart 

(lil’^343),^ the total heat of dry saturated steam at 130 lb. p^ sq. in. abs. = 
Hi = 1 191 B.t.u. per lb., and after isentropic expansion to lb. per sq. 
S: abs ’the total hLt = H. = 1,034 B.t.u. per lb By Steam Table 394 
the heat of the liquid at 213'“ F. = I 12 = 181 B.t.u. ^ 

For. (299), the ideal Eankine efficiency — E — 


Hi 


h. 


M?A = 0.1414 or 14.14 per cent. By For. (317) the engine 

i,i91 - iSi _ , ^3Q 2 ,545 


Indicated work 


: 0.531,5 


efficiency - = 

or 53.15 per cent. By For. (314), the ind^caied thermal efficiency 

Indicated work 
~Meat input 


S^goKoJ^-- A034) 

ndicated 

= 0.075,2 or 7.52 per cent. 


^es^nMoT^isi) 

... output 

By For. (318), the mechanical efficiency ■■ 


120 

130 


= 0.924 
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or 92.4 per cent. By For. (315), the thenmil vJHclcncy 


120 X 2,54-5 

3,965 (1,191 ~~ IHl) 


0.0t)9,4 or 6.94 per cent. 


I'' •'( i^'pdl 


SOLUTIONS TO PROBLEMS ON DIVISION 13 


FUELS 


1. Total content by percentage, moisfcuro = 25.00 + 

57.35 + 5.15 = 87.50 per cent.. == '38.55 per rent, volatik^; ''’'^•■^5 = 

S^.oO ’37.50 

5. 1 5 

65.155 per cent, fixed ea.i4)ot>; ^ 5.90 per cent, ash in tlie Dry Coal. 


Total content by percentage, <4iiaiuat;iuf.? ash ■ “ 2vS.55 -h 57.35 = 85.00 per 


cent. 


28.55 

85.96 


33.25 pea' cent, volatil 


57.35 

85.90" 


— t)i).75 pcir cent, fixed 


carbon; in the eoinbustiI)l(i. 


33 25 

2. v.y Vr " Broin Fig. 4.06, it is found that a coal having ratio of 

Ob. to ^ 

volatile to fixed ca,r])()n of .f) Ijas a heating ralne of appro.Hniately 15 400 
B.t.u. per lb. of cofnh astihle. 

3. o/ to caW>a/^dn the first insta, nee ~ — 0.25. From 

Fig, 406, this ratio shows a heating valium of 15,850 B.t.u. per lb. of com- 
bustible. The ratio of volatile to carbon in th(^ y('(‘,ond (^ase = '^5^5 0 ~ 
0.8. Fig. 406 shows this pitio to produce.^ 1 3,900 B.t.n. per lb. j}f com- 
bustible. Now, the first cojd is 16 -f- O-f SO per cent, combustihlo, 
whereas tiic second is 40 + 50 — 90 per cent. combnsilfUe. Ihaice, the 
heating value of the first coal = 0.8 X 15,850 - 12,()80 B.t.u. per pound. 
Also, the heating value of the second coal — 0.9 X 13,900 12,510 B.t.u. 

per pound. Therefore, if only heating vahu'is a,r(‘ considered the first 
coal would be chosen. 

4. The second sample has less watm* and ash than the first. 


SOLUTIONS TO PROBLEMS ON DIVISION 14 
COMBUH4TON 


1. By For. (329), the weight of air per pound of fael burned, Wa — 

3.036 C X 0.8 X j = 32.67 Ih. 

2. By For. (330), the percentage, of excess air above that which is theoreti- 
cally required, X, — 


(at - 3.782(0 - 'ACO) 0 ^ (s4 - 3.782(7 ■■ ,> 2 } 

100 = 41.3 per cent. 


Ox 
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3. By For. (331), the weight oj dry fine gaaes per pound of coal burned, 

rilCO. 4- 80 + 7(00 4 - iV) U __ 

Vi> = - 3 ((y;, - i-co) r~ 

ril XS +8 X7 + 7 X(1 +84)1 ^ _ fSS + 56 + 5951 _ 

L 3X(8 + 1) “ 27 JX0.8 = 

21.90 lb, 

4. By For. (334), the heat lout for each pound of coal pvrned due to the 
unhurried carbon 7n(rnox.id.e, 

PC) 1 

Uco ^ 10,220 X CO ^ ^ 10,220 X X 0.8 = 908 Bd.u. 

SOLUTIONS TO PROBLEMS ON DIVISION 16 
STEAM POWER r>LANTS 

1. By For. (342), the efficiency of the boiler, furnace and grate = E = 

ii'450 

2. From the steam tables (Table 394) it is found that' the total heat of 

dry saturated steam at a pressure of 150 lb. per sq. in. gage, is 1,195 B.t.u. 
per lb. But since the eedwaier was admitted to the boiler at a tempera- 
ture of 210° F. each pound of feedwater contained 210 — 32 = 178 B.t.u. 
Therefore, the net heat which was absorbed by each pound of water in the boiler 
— 1,195 — 178 == 1,017 B.t.u. For each pound of coal fired, 55,120 5,350 

= 10.30 lb. of steam was formed. Therefore, for each pound of coal which 
was consumed, the boiler absorbed 10.30 X 1,017 = 10,475 B.t.u. By For. 

(342), the efficiency of the boiler, furnace and grate, E = ^ ““ 

0.787 or 78.7 per cent. 

3. The length of stroke = 22 12 = 1.83 ft. The effective piston 

area of the head-end = (16 X 16 X 3.14 4) = 201 sq. in. The 

effective piston area of the crank-end — 201 — (area of the piston rod) = 
201 ~ (2 X 2 X 3.14 4) = 201 - 3.14 = 197.86 sq. in. By .For- (34^) 

the indicated horsepower developed in the head-end of the cylinder, P 

PLAN ^ 5 9 X 1.83 X 201 X 200 _ ^ ^ 

33,000 33,000 

By For. (343) the indicated horsepower developed in the crank-end of 
\ PLAN 59 X 1.83 X 197.86 X 200 _ 

the cylinder, P - 3^00 ^ 

By Sec. 504, the total indicated horsepower == 131.5 4- 129.4 = 260.9 hp. 

4. By Prob. 2, there was generated 55,120 lb. of steam during the 

10 hr. period, or 55,120 10 = 5,512 lb. per hr. If only 94 per cent, of 

this amount is consumed by the engine, the engine consumption ~ 
5,512 X 0.94 = 5,181 lb. of steam per hour. From Table 394, the total 
heat of dry saturated steam at a pressure of 145 lb. per sq. in., gage, is 
1,194.5 B.t.u. per lb. From Table 394, the heat of the liquid correspond- 
ing to the temperature of 220° F. is 188.1 B.t.u. per lb. By Prob. 3, the 
power developed within the engine cylinder was 260.9 hp. If 90 per 
cent, of this power is delivered to the shaft, the brake horsepower = 
260.9 X 0.90 =234.8 hp. By For. (344), the thermal brake eficiencyj^ 
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2,545 X 234.S ^ 597,566 

' 5,i8l X (l,IO-i.5 188.1) ■ 5,234,158 


0.114 


_ 2,545 X Pa 
^ W.v(H -™ 3i) 

11.4 per cent. 

B. From the solution to Prob. 3, the indicated hoTHcpotrer was 260.9 i./ip. 
From the solution to Prob. 4, the slnun eoNsumplion was 5,181 IK per hr. 
Therefore, by S(Xi. 507 the water rate, whi(‘h is tlie number of pounds of 
steam I'cnjuired to d('vt’'it)p oiu^ unit of energy or 1 i.hp., — 5,181 
260.9 — 19. S Ih. of steam per indicated horsv.poumr hour. 

6. liy the. solution to Prob. 2, the total heat of the steam generated in 
the boiler was 1,195 B.Lu. per lb. By For. (345),. the fuel saving, X == 

(Tt - Ti) ^ (210 -- 70) _ J40 

H - (7h - 32) 1,195 - (70 -' 32) ~ 1,157 

7. By Prob. 3, the weight of coal consumed during the 10 hr. period 
was 5,350 lb. From the solution to Prob. 2, the total average indicated 
horsepower developed during the test period was 260.9. Therefore, the 
total energy in liorsepower-houra d<*v(4oped within tlie engine cylinder 
for the 10“hr. period » 10 X 260.9 — 2,009 hp.-lir. liy For (340), the 

5 350 

overall efficiency, — 


— 0.121 or 12.1 percent. 


W 


2.05 lb. of coal per indicated 


e 2,609 

korsepower~hour. From Prob. 2, the heating vahm of th(‘ coal was 13,300 
B.t.u. per lb. By For. (347) , the overall efficiency, Q = H X W - 13,300 
X 2.05 == 27,265 B.t.u., per iudicated horsepower-hoar. By For. (349) 

2,5-15 
27,265 

8. From Fig. 437, the average height of the indicator diagram is 0.723 
in. Since the scale of the si)ring is 50, the mean cffectwe pressure « 
0.723 X 50 = 36.15 per sq. in. 


the overall thermal efficiency, Ear* 


9.3 per cent. 


SOLUTIONS TO PROBLEMS ON DIVISION 16 

INTERNAL-COMBUSTION-FNCUNK l^OWER PLANTS 
7rd'^ 3.14 X (10 X 16) 


1. The area of the piston 


201 sq. in. 


A Diesel engine running at 200 r.j>.m. will liave: 200 2 — 100 work 

strokes per min. By For. (351), the indicated horsejiower for each cylinder, 

has 4 cylinders, the total indicated horsepower — 4 X 129,1 516.4 hp. 

2,545 X 140 
15,400 X 128 

356,300 
1,971,200 


2. By For. (352), the thermal brake efficiency 
0.180, or 18 per cent. 

3. By For. (363), the brake horsepower: P/# « f ^ k^k^. For 


V 

this engine, « 7.5 X 7.6 « 66.25. L « 12. iV » 
Item 5 under For. (353), ki «» 16,400 and k% 


ki 

300. kn « 1. By 
» 0.5. Tlierefore, 



APPENDIX 


701 


, , , , /56.2r) X 12 X 300 « 

the hrakehorsepower == f 0.5 j X 1 = 12.3 - 0.5 = 

11.8 hp. Sucli an engine would probably be rated at 12 hp. 

SOLUTIONS TO PROBLEMS ON DIVISION 17 
BUILDING WARMING 

1. llic total exposed wall area, A ~ (14 -f- 18) X 10 = 320 sq. ft. 
The volume of the room, F = 14 X 18 X 10 = 2,520 ca. ft. 

By Tal)le 571, N = 2. By For. (361), the total heat loss, Qt = (Ag + 
0.254 + 0.02iVF)7’ = (100 + 0.25 X 320 + 0.02 X 2 X 2,520) X 70 = 
19,600 B.t.u. per hr. for a south room, but since the room has a southeast 
exposure, tins value sboiikl (Table 573) be multiplied by 1.05. Or, 
1.05 X 19,600 = 20,580 B.t.u. per hr. is lost. 

2. By Sec. 575, 0.02 B.t.u. will raise the temperature of 1 cu. ft. of air 
1° F. Ther(4'()te, the quantity of heat required to raise 30,000 cu. ft. of air 
70° F. = 0.02 X 30,000 X 70 = 42,000 B.t.u. 

3. The allowance should l)e based on a 0-to-70° F. temperature raise. 

By For. (355), the allowance = — 2,520n = 2,520 X 150 = 378,000 

B.t.u. per hr. 

4. The cubical capacity of the room == 20 X 20 X 10 = 4,000 cu. ft. 

By Tal)lo 571, a])out 2 complete changes of air will occur per hour, or 
2 X 4,000 — 8,000 cu. ft. of fresh air, which will be supplied per hour by 
infiltration. This will provide ventilation for: 8,000 1,800, or 4 

persons. 

6. By Sec 5 . 561, the quantity of heat given off hy 40 persons = 40 X 
400 = 16,000 B.Lti. per hr. 

The rate of heat emission of the line shaft = 75 X 2,545 == 190,950 
B.t.u. per hr. 

By Sec. 578, the rate of heat emission of the electric lamps == 16 X 100 X 
3.415 = 5,464 B.t.u. per hr. 

The total heat emitted per hour within the room is, then, = 16,000 + 
190,950 + 5,464 - 212,414 B.t.u. 

6. The quantity of coal required, if the f urnace was 100 per cent, efficient 
would be: 50,000 -J- 11,500 = 4.35 lb. per hr. Since only 55 per cent, 
of the heat of the coal reaches the room, the coal consumption 7?iust be: 
4.35 -f- 0.55 = 7.9 lb. per hr. 

7. From Sec. 593 the heat emitted per square foot of equivalent radia- 
tion is 240 B.t.u. per hr. Therefore the equivalent radiation required 

to provide 158,000 B.t.u. is 658.3 sq. ft, 

. , 1.25Qt 

8. By For. (366), the requisite grate area, A ~ 

1.25 X 158,000 
12,500 X 7 X 0.69 


= 3.27 sq. ft. 
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(if (dr required to 
55, ()()() cu. ft. per hr. 


wwm the 


9. By For. the voluiue 

55Q7> _ 55 X 70,000 

I - - ■■l35'~ 05 -“ ' 

10. 7' he quaulUy 0 / (dr nudraduRd, Ve -■ 0.20 X 55,000 s= 11,000 
cu. ft. per hr. The. quuniity of <dr brouyht m from, the outside, Fc ~ 
55,000 1 1,000 -- •14,000 eu.fL p('r hour. By (367), the ratio, X = 

{T,’ - 7d )Vo + (77 .- - TA _ 


(Fo "4“ V(*)(7\ 


„7 

0.02 

(180 -- 0) X 44,000 + (180 - 65) X 11,000 
(44,000 { 11,000) (135 - 65) 


11. By Prol). 14, A" -- 2.38. 
XQt ^ 2.38 X 70,000 

HWE 1 1,000 >: 8 X 0.6)5 ' ' 


By Vov. 
^.0 sq. ft. 


(368), the grate area, 


2.38. 
A - 


SOLUTIONS TO PROBLEMS ON DIVISION 18 
RF64MOKU.ATION 

1. The lowCvSt temperature that can be obtahied by surface evaporation 
is the wet-bulb temperature. From the psychrometrio chart, Fig. 323, 
Div. 10, the wet-bulb tcinpcrature can bo found when two properties 
are given, such as dry -bulb temperature an<l relative humidity. The 
point of intersection of the dry-bulb temperaliire line and the relative 
humidity line is found and then the wet-bulb temperature is read on the 
inclined ^'Wet-bulb T<MU[)(u-jU.ur(i” line. Thus for this problem, the 
intersec tip tVbf the 70° F. dry-bulb temperature line and the 0.40 relative 
humidity line is determined. Following along the inclined line to the 
left, the wet-bulb temperature is found ^to be 55.8° F. Thus the lowest 
tenlp*ei*asfcure that can be obtained by:flurfac(^ evaporation is 55.8° F. 

2. Heat absorbed in 24 hr. — (520 X 0.7 4- 900)24 ~ (3G4 ■+■ 900)24 

= 1,264 X 24. = 30,336 Since 1 11). of ice will absorb 144 

B.t.u., the zee required iii 24 hr. — ~ 210.6 Ih. 

/ . fc - t V 

3. By For. (236), T. == ^ , Ta - (460 + ^ - 

560 X 0 . 40-286 ^ 560 X 0.771 = 431.7° F. abs. or -28.3° F. 

4. The pressure on the water must bo the vapor pressure correspond- 
ing to the boiling temperature. The vapor pressure corresponding 
to the boiling temperature of 50° F. can bo found by interpolating 
the values given for 32° F. and 59° F. in Table 394. Thus, the pressure 
that must he imposed on the water for it to boil at 50° F. »= 0.088,6 

+ [(0.247,2 - 0.088,6) X [gg I - 0.088,6 + ( = 
0.088,6 + 0.105,7 - 0.194,3 Ih. per aq. in. aba. 
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5. Heat a!)sorbed by 1 lb. of anhydrous ammonia is equal to the 
difference between the total beat of the saturated vapor at 29.95 lb. per 
sq. in. abs. and the heat of the liquid at 80° F. From Table 400, the 
total heat of dry saturated ammonia vapor at 29.95 lb. per sq. in. abs. is 
found to be 538.5 B.t.u. per lb. The heat of the liquid ammonia at 
80° F. is found from the same table to be 53.6 B.t.u. per lb. Then, the 
heat absorbed by 1 lb. of anhydrous ammonia = 638.5 - 63.6 == 484.9 

B.t.u. Ammonia vaporized per hour ~ 20.Q5 lb. per hour. 

6 The minimum pressure in the condenser is that which corresponds 
to a boiling temperature of 70° F. From Table 400 the pressure under 
which ammonia boils at 70° F. is found to be 129.2 lb. per sq. in. abs. ^ 

7. Heat absorbed = Heat required to cool water to 32° + Heat required 
to freeze water into ice -h Heat required to cool ice = (70 — 32) + 144 4" 
0.5(32 - 20) = 178 B.t.u. 

8. Heat absorbed in 24 hr. = 260 X 2,000 X 5 = 2,600,000 

By definition, 1 ton refrigeration = 288,000 B.t.u. per 24 hr. Then 

capacity required = = 9-04 tom refrigeration. 

Heat e xtracted from cold boi 

9. Coefficient of performance = of compressor 

288,000 _ 2 3(5. 

2 X (33,000 778) X 60 X 24 
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A 

Al)«()rlHi‘, 12H 
Absorpt ion, Ki‘i, t>23, <>29 
ainniouia vapor, 

(aSVc ftlso !/ilun*at ion) 

Action, m<*(*hn.ni(‘al (sro Mn<‘rg: 
nuH'liiuucjil) 

Ailiuission, ])oini of, 477 
Admission stroke, 527 
Aciiun-, (Udinition, JiO 
imivc'rsal spaca', 2G 
wav(‘s, 152 
Air, absorption, I4t> 
conipoHitn>n, 300 
cinuigc'S, 450 
dry, wtaglit, 447 
quantity, building wanning, 59 
solution, 147 

Air (jhang(‘H, in buildings, 552 
und(U' (a>nsta,nt. prcNSSure, 200 
Air oinuilation, 013 
Air (;oinpr<‘ssor, 402 
adiabatic pro<H>s, 244 
Air conditioning, 305 
auditorium, 007 
Air convection currtaxts, 117 
Air cooling, 005 
Air ducts, siisc, 001 
Air engine, 399 

Air (evaporation rate, retarding 
283 

Air (expansion, 138 
Air gas, 425 
Air humidity, 300 
effect on heat loss, 458 
Air preheater, 484, 501 
Air refrigerating machine, 637 
low-pressure, 407 


Air refrigeration, 613 
Air supply, complete combustion, 
447 

find burning, 451 
Air thennonKiier, 50 
Air valv(^, 164 

Air v(4(>(uty, warm air heating, 601 
Air-draft, 218 
Air-drier, 302 

All )(U-ger- Curtis turbine, 481 
Alc.ohol, as fiud, 422 
Alcohol tluuinomcter, 651 
Alkm densc-air refrigerating ma- 
c, iliac, 637 
Alloys, 256 

^‘American Elcctriciaids Hand- 
book,” Croft, T., on filaments, 
155 

“American Practice in the Bating 
of Internal Combustion En- 
gines,” Ulbricht and Torrance, 
on brake horsepower, 543 
American Badiator Co., on hot- 
water boilers, 569 
on l^lcnum system, 593 
“A. S. M. E. Test Code,” on heat 
balance, 509 

on heating value of coal, 445 
Ammonia, critical conditions, 313 
Ammonia absorption refrigerating 
machine, 631 
Ammonia boiler, 618 
Ammonia compressor, 626 
Ammonia refrigerant, 619 
Ammonia vapor, 368 
•tables, 370 
Analyzer, 632 
Aneroid barometer, 12 
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Antliracitc, 435 

i'.oinbiisiioii rate, 4(>0 
Antimony, wolidifieai.ion, 177 
‘^Applied Tlvennodyuaiuies,'’ lOn- 
nis, on. polytroj>ic c^xpoiuaii, 
248 

Area representing woi*k, 224 
Ash, 427, 429 
combustible, 451 
Atoms, 36 

Auditorinm, a,ir <‘.ondii ioning, 607 
Automobihi chassis, 539 

B 

Bagasse, 418 
Balloons, buoyancy, 218 
Bark, 418 

Barn, ventilation, 219 
Barometer, dofinii.ion, 9 
{See also Manomet(n*) 

Barms calorimeter, 358 
Benzol, 422 

Berryman, 11. J., Co., i(a^ cans, 644 
Bessemer gas engine, 523 
Bituminous coal, 435 
combustion rate, 460 
Black^s latent-heat ('xperiinent, 265 
Blast-furnace gas, 423 
Blower, 504 

Blow-pipe, oxy hydrogen, 133 
Boiler, ammonia, 618 
circulation, 116 
feed water (see Feed water) 
feeding apparatus, 485 
fire-tube, 469, 473 
function, 464 
furnace, 461 

heat balance, 459 
heat loss, 453 
radiant, 126 
types, 468 

fusible safety plug, 258 
gas circulation, 118 
grate area, building warming, 
588 

heat transfer, diagram, 128 


Boiler, hons(^power, 475 
hoi-water heating, 569 
Uxamiotive tj’^pe, 473 
rating, 475 

8c.otch ma,riiu\ 472, 474 
setting, h‘ak, 461 
st<‘a,m, classification, 469 
efnekmey, 473 
formula, 460 
heating, 575 
w(it <u-tub(', 469 
Boiling, (h'jfnnt ion, 284 
{See. (dso lObuIlition) 
Bond>-typt> (‘alorimeter, 434 
Bourdon t\ib(‘, 669 
prct.ssun^ gage, 667 
st<‘am gage, 15 
lioyh'ts la.w, 190 
Bra,ke eniei{‘n(‘.y, thermal, 483 
Brass, ex^Kinsion, 161 
Brims boiling 1 c‘mp(‘rat.iire, 293 
frec'zing {(nnperaiiire, 261 
us(^ in ie(‘ making, 256 
Brim‘ (‘oohn*, 625 
Brine, rdllgcn-ation, indirect, 639 
Brin(‘ systcmi, gra.vity, 616 
i<*(^ making, 275 
British tlunaiud unit,, t)7 
Brown Insirument. Co,, on tem- 
ixirat vire, 49 
Bubbles, 284 
Building, In^a t Idss, 549 
materials, 550 
(See also Ilooin) 

^Mhiilding Trades Handbook,” In- 
t(a’nat ioual Corn'spondence 
Beh(K)lH, on optm fireplace, 563 
Buihling warming, 545-604 
air <pm.ntit.y, 595 
appa, rai ns, 563 
boiler, grate a,rea, 588 
ciilculatlons, 540 
direc t-iudircad-, 60 1 
exhaust steam, 581 
fiuds, 546 

hot-blast system, 592 
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Building wanning, indirect heat- 
ing, 500 
methods, 5t)3 
application, SOG 
Plennni system, 502 
radiating surface, 573 
steam, piping, 578 
warm-air furnace, grate area, 500 
Bunk(U‘, ice, air cinudat.ion, 604 
By-product eokts plant, 311 

C 

Calcium carl)onato, 150 
Calcium chloride, 262 
Calcium sulpliatc, 150 
Calibration, gages, 673 

thermo-electric pyi'ometei-s, 6G2 
thermometers, 657 
Calorie, 68 
Calorimeter, 79 
bomb-type, 434 
electric, 72 
separating, 367 
tests, 424 

tlirottling, 353, 358 
formula, 366 
{See aUo Fuel, Coal) 

Can i(;e-making system, 641 
Candle, locating leak, 461 
Carbon, combustion, 440, 441 
in fuel, 427 

incandescent, effect on carbon 
dioxide, 442 

Carbon dioxide, action of carbon 
oil, 442 

in flue gas, 448 
index of excess air, 461 
refrigerant, 620 
solid 612 
vapor, 368 
tables, 372 
vaporization, 315 
Carbon monoxide, in flue gas, 448 
heat loss, 454 
specific heat, 76 
Carburetor, 517 


Carnot cycle, definition, 386 
engine, 386 

Carpenter’s formula, 558 
Carrene, 620 

Carrier Engineering Corp., psy- 
cbrometric chart, 306 
, Castings, linear shrinkage, 178 
Celsius scale, 62 

Centigrade and Fahrenheit tem- 
peratures, table, 58 
Centigrade scale, 51 
Centigrade thermometer, calibra- 
tion, 52 

Central Scientific Co., calorimeter, 
79 

Change, 132 
frictionless, 242 
isentropic adiabatic, 242 
isobaric, 200 
gas, 237 
isometric, 197 
gas, 235 
isothermal, 192 
gas, 240 

polytropic, gas, 245 
pressure-temperature, 194 
volume-temperature, 195 
Charcoal, absorbing power, 146 
definition, 419 
Charles’ law, 190 
definition, 194, 197 
graph, 319 

pressure variation, 231 
Chart, psychrometric, 305 
Chemical process {see Reaction) 
Chicago pneumatic Diesel, 524 
Chimney draft, 220 
Circuit, refrigeration system, 623 
Clanny-type lamp, 103 
Clock pendulum {see Pendulum) 
Clouds, 307 

Coal, analysis, 427, 432 
anthracite, 435 

combustion rate, 460 
bituminous, 436 

combustion rate, 460 
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Coal, burning, boiler furnace, 4G0 
calorimeter, 432 
classification, 435 
combustible, material in, 431 
combustion, 447 
rate, 400 
composi tio n , 440 
divstilbrlion, 311 

fragment, mi(‘roscopic enlargt 
nieni;, 418 
gas, 423 
hard, 435 

heating value, fornuda,, 445 
graph, 431 
table, 420 
origin, 418 
seini-an t hraci t c , 4 35 
sub-bitumitious, 430 

{8m aho Coministion; Find; 
Calorimeter) 

Coal mine, aec.tion, (iO 
Coefficient, of ebisticity, 181 
of performance (cScclhu’fDrmance) 
Coils, cooling, ice making, 275 
Coke, 419 
petroleum, 419 
Coke plant, by-pro dxiet, 311 
Cold, definition, 49 
Cold storage, Dexter sysiom, 014 
Jackson system, 009 
room thermometer, 654 
“College Chemistry,” Smith, A., 
on solubility, 148 
Colliery, 419 
Color sensation, 154 
Combination graduations, pressure 
gages, 675 

Combustible material, 431 
in ashes, 415 
burning, 442 
Combustion, 439^03 
carbon, 441 
chamber, 466 

converting chemical energy into 
heat, 66 

definition, 25, 439 


Compound bar principle, 161 
Compression, fuel ignition, 521 
gas (.sv'c (las) 
is(mt ropi(‘, 353 
pressure, 531 

Compn'ssion i>rocess, merits, 632 
>(‘frigm'arion, (}23 
Compression stress, due to heating, 

Gompressioti stroke, 528 
Compr{\sKiv(' st n^ss, 179 
Coinpr(‘ssor, 244 
air, 403 
iunmonia,, 027 
(■(‘utrifugal, 028 
<lefinition, 402 
vapor compression, 020 
Comstock Trowland, on atoms 
and mohumh's, 37 
Condensate pum]), 489, 492 
Coiuhmsat ion, (^ause, 281 
definit ion, 140, 275 
moist-ur(‘ in air, 307 
steam-hc'at ing plant, 577 
vapor, 299 

Cond(ms(“r, ammonia,, 023 
at.mosi)h('rie, 024 
douhh‘-pip(', 025 
subm(‘rg(‘d, 024 
opera, lion, 020 
simpl(‘, illustration, 141 
steam, baroimdric, 490 
ejector, 270 
Flliot-Krluirt;, 491 
fumdiou, 480 

Condu(dau(a% divfinition, 102 
fornuda,, 110 
unit., 105 

{8ve also Iiesist.a.n<H‘) 
Conduction, (hdinitlon, 97 
heat flow, 111, 114 
loss from building, 549 
laws, 100 

power flow, 111, 114 
room warming, 548 
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Conductivity, Indltling materials, 
550, 551 
definition, 100 
Conduct.or, (dee trie, 155 
lieat, 99 

pressure change (see Change, 
isoha,ri(0 

temporatun^ (diangt^ (see Change, 
isot.hennal) 
proc(';HS, 140 

volunu', e.liang('. (see Change, 
isometric) 

OS'ee aim Insuhitors) 

Constant entropy (expansion, 350 
Contacit resistance (see Iteisl.ance, 
external) 

Contraction, castings, effect, 177 
definition, 137 
external work, 139 
lineal, formula, 168 
table, 178 
restrained, 179 
solids (sec Solids) 

Convection currents, air, 117 
definition, 114 

heat transfer, utiliziation, 117 
room wanning, 568 
vont/ilation, 1 18 
Cooler, weak-liquid, 631 
Cooling, by compressed-air expan- 
sion, 637 

Cooling buildings, 605 
Cooling auditorium, 607 
Cooling coils, ice making, 275 
Cooling engine cylinder, 541 
Cooling medium, vapor compres- 
sion, 623 

Cooling methods, 610 
Cooling tower, illustration, 273 
use, 492 

Corncobs as fuel, 418 
Crane Co., expansion valve, 625 
Croft, T., on air draft, 219 
on boiler classification, 469 
on convection, 119 
on draft gages, 668 


Croft, T., on elastic limit, 182 
on electrons, 38 
on engine tests, 538 
on engines and turbines; 475 
on evaporation, 271 
on filaments, 155 
on gi’avity-operated trap, 485 
on indicators, 676 
on radiant energy, 152 
on scale in boilers, 150 
on steam power plant devices, 
485 

oil vaporization, 269 
Crosby indicator, 676 
Crystalline structure, 255 
Cycle, Carnot, 386 
compressor, 402 
definition, 375 
diagram, 381 
Diesel, 401 
efficiency, 379, 412 
gas, 375-416 

non-expansive engine, 382 
Otto, 399 
perfect, 386 
pseudo, 376, 382 
Rankine, 393 

refrigerating machine, 407 
steam engine, 397 
true, 376 
vapor, 375—416 

Cylinder, ammonia-compressor, 
626 

internal-comhustion-engine, 541 
steam engine, 32 

D 

Dalton's law, of gases, 250 
of vapors, 279, 283 
Darcet's metal, 256 
Davis, H. N., on saturated steam, 
360 

Davis air valve, 164 
Davy lamp, 103 

Day & Night Solar Heater Co., 
on sun heating, 61 
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I)ea.d”Weight 674 

33ense-nir rt'frigt'ratiiig luacliiiiej 
40S 

Density, eriiicail, 314 
definition, 215 
gases, 217 
Desieeai-or, 429 
Destructive disf illaiion, 311 
Dew, 307 

Dexter cold storages, 614 
Diaphragni-typt^ pressun^ guge, 672 
Diesel (iycio, 532, 537 
definition, 401 
Ditisel eiigine, 534 

horsepower ra-ting, 542 
indi(uitor diagram, 401. 
thermal cflieieTU^y, 538 
Disgregation heat, 47 
Disgregation work, 83 
definition, 86 
gas, 221 

Dissociation, definition, 133 
Distillates, 421 
Distillation, 308 
Draft, air, 218 

artificial, apparatus, 503 
chimney, 220 
gage, 668 
gas density, 190 
D-slide-valve steam (.engine, 476 
Dulong’s formula, 445 

34 

Earth, internal heat, 62 

Earth section, gas and oil w<41s, GO 

Ebullition, definition, 269 

(See also Boiling; Evaporation; 

Vaporization) 

Economizer, 499 
fuel saving, 500 
Effective work, 230 
Efficiency, mechanical, 411 
thermal (see Thermal ) 
volumetric, compressor, 404 
Einstein, A., on aether, 39 


Ejector j<‘t e.ondensc'r, 490 
Klasti<‘ limit, 182 
lOlastieii.y, eo<4n<‘.ient, 181 
El(‘<dri(‘, cuirnmt, 25 
El(H4 n<^ wn.v(ss, 152 
KI(H4rons, chdiiufioii, 37 
Klenumt, dtvfinition, 36 
syndxds, tal>U‘., 37 
** I^]l(‘He;o ” superheat(u% 322 
lOUioi-IOriiart eiondeuHer, 491 
lOmiotlnuumil process, 134 
JOmu'gy, 1 ~"34 
ehemieal, 24 
rm4s, 424-, 426 
e.oiiv<‘rsion, 2() 

<lefinition, 21 
tlisf imd. from work, 29 
distrihui ion, si earn plant, 73 
<4ecfri(‘al, 26 

1 ransformat ion info luwt, 64 
fixcHi, 22 

heat, (see lh‘a,(. (‘lurgy) 
ini.(‘rnal (.see I4nergy, (chemical) 
kin(‘ti(s 22 
nHU‘.ha,niea.l, 63 
ji.s art'ta,, 334 
conversion, 74; 

<U4iiution, 24 
pot (Ml till I, 22 
radiant., 2(), 120, 151 
tiunsfoiMuation, 23 
taldi^, 28 
units, 21 
.Engine, air, 399 
Carnot, 386 
Diesel, 534 

horH(^pt>wer ratii^^g, 542 
inditaitor diagram, 401 
efficitmey, pm’fetd. cycle, 386 
four-s t. r< > kt v(* y 1 4 e , 523 
gas, jmixing fuel and air, 515 
gasoline, 542 
carburetor, 517 
heat, cycle, 393 
definition, 376 
efficiency, 377, 412 
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Engine, liigh-prossure, 534 
indiea,tor, 670 

mternal-conibuHtion, 244, 513- 
544 

classification, 523 
coinpix^ssion pressure, 532 
cylinder cooling, 541 
, definition, 513 
efficiency, thermal, 538 
fuel ignitioTi, 519 
fuels, 514 
govcirning, 521 
Hessclman, 533 
horsepower rating, 542 
indicator diagram, 529 
operation, 527 
starting, 524 
tests, 538 

non-oxpansivc, cycle, 382 
oil, 533 

fuel-injection valve, 519 
fuel-injection pump, 536 
Otto cycle, 537 
plant heat balance, 539 
non-expansive, 385 
Uankine-cycle, 395 
steam, cycle, 397 
cylinder, 32 
D-slide-valve, 476 
indicator, 676 

indicator diagram, 395, 478 
operation, 477 
reciprocating, 476 
two-stroke-cycle, 524 
“Engineering Bull,’^ XJ. S. Fuel 
Administration, on fuel heat 
content in steam power plant, 
508 

Ennis on polytropic exponent, 248 
Entropy, absolute, 338 
definition, 336 
total, 338, 345 

{See also Thermodynamics) 
Equations, 'thermochemical, 135 
Ether evaporation, 273 


Evaporation, definition, 269 
rate, 283 
surface, 610 

{See also Vaporization, Ebulli- 
tion) 

Exchanger, 631 

Exhaust steam heating, building, 
581 

feed-water, 493 
piping, 583 
Exhaust stroke, 528 
Exothermal process, 134 
Expansion, adiabatic, 350 
air, 138 
areal, 165 

definition, 169 

coefficient, computation, 165 
coil, vapor compression, 623 
constant-entropy, 350 
constant-heat, 352 
constant-pressure, 352 
cubical, 165 
definition, 170 
definition, 137 
external work, 139 
frictional, 224 
gas {see Gas) 
isentropic, 350 
joint, 183 
lineal, 164 
loop, 183 
restrained, 179 
solids {see Solids) 
superficial {see Expansion, areal) 
tank, 174, 570 
throttling, 224 
valve, 620 

Crane Co., 625 

volumetric {see Expansion, cubi- 
cal) 

Exposure, coefficients, 553 
External work, 83 
definition, 87 
gas, 222 
heat, 47, 231 
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F 

Fahrenheit and C<nitigradc scale^ 
58 

scale, 51 
Fan, 504 

Faraday on permanent, gas, 318 
Feed water, gases, j)re(^xpulsi<>n, 
147 

Feed-water lu^ater, 495 
multi-stage, 497 
savings by, 49(i 
F6ry ratliation pyr()mc4.(‘r, 003 
Fireless co()k('r, 100 
Fircplatu^, opt'n-graii', 5t)3 
Float ftaal valve, 517 
Flow of heat,, 73 
l^luc-ga-s ajialysis, 449 
carbon dioxide, 4()0 
carbon monoxide, 454, 402 
coinposit-ion, 448 
dry, heat loss, 454 
weight, 452 
Fluid pressure, 5 
Fog, 307 

Force, definition, 1 
steam imp\ilso a,nd reaetion, 482 
(See also Weight) 

Forced-air (drciilation, 040 
Forgings, linear shririkagt^, tables, 
178 

Franklin and McNutt on Hp(Kufi(i 
heat, 76 

Freezing, definition, 255 
effect, 160 
mixtures, 261 
cooling by, 610 
temperatures obtained, 615 
point, 255 
table, 260 
pressure effect, 262 
tank, 642 
Freon, 620 
Frost, 307 
Fuel, 417, 438 
analysis, 427 


I'kiel, briqu(‘tted, 419 
burning, air supply, 451 
buildings, 546 
calorith^ valuta, 426, 440 
eaIonnu‘t(‘r, 432 
ch('mi(ud (uu'rgy, 424 
in boilcu’, 453 
elassifira tion, 417 
combustion, 439 
oxygem, 440 

consiitinmts, comlnistion, 440 
tabhs 42<5 
definition, 417 
e('onomiz(u*, 484, 499 
gaseous, 422 

int<‘rnal-<‘ond>ustion engine, 
514 

pn'panul, 423 

hc^a,t content dist.ribution in 
sti'ain powt'r plant, 508 
Iu‘avy-li(juid, 519 
luxating vahu', defined, 425 
measuring, 432 
tabh‘, 42() 

ignition, iirt('rnal-<u) m l.)ustion 
(mgines, 519 

ignition t(‘mp(‘ra, tains 439 
iiijesetion valv(‘, 519 
iiibu-iud-eombustion engines, 514 
Ii(|ui(l, 514 
natural, 420 
pr<‘par(Hl, 421 
mixing with air, 514 
oil, 519 

quality, (hdauanination, 427 
saving, f(‘(‘<l-wat,er h(‘ater, 493 
Stdection, 437 
solid, 418 

unbunu'd in ash, 453 

(See also Calorimeter, coal) 
Furnace, lu^at earth'd out by flue 
gas, 454 

temperature, determination, 83 
(See also Boiler furnace, 
Warm-air-furnace) 
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Fusion 

pyrometer, 258 

G 

Gage, calibration, 673 
niercmry, 14 
pressure, 16 
siphons, 671 
steam, 15 
tcstta-, 674 
vacuum, 14 

(,S>.6' also Pressure gage) 

Gas, absorpilon, 144 
air, 424 
artificial, 515 

blast furnace, 423 . 

change isentropic adiabatic, 24Z 
isobaric, 237 
isometric, 235 
isothermal, 240 
polytropic, 245 

circulation, boiler, 118 
compression, 189 
adiabatic, 243 
Boyle’s law, 191 
work, 228 
(compressor, 244 
condition ebange, 235 
definition, 188 
constant, 209 
values, 212 

critical temperature, 31o 
cycle, 375-416 
Dalton’s law, 250 
definition, 41, 187 
density, 216 
draft, 190 

disgregation work, 221 
energy quantities, 235 
expansion, examples, loo 
adiabatic, 243 
Boyle’s law, 191 

disgregation work, 221 
work, 228 

furnace pyrometer, 66U 


Gas, heat phenomena, 187-254 
heating, at constant pressure, 
232 

formula, 91 
value, 426 
laws, 190 

combined application, 203 
liberation, 144 
liquefaction, 312 
manufacture, 424 
molecular action, 43 
natural, 422 
pipe lines, 423 
oil water, 424 
perfect, heating, 221 
condition change, 234 
definition, 188 
expansion, 248 
permanent, 313 
Pintsch, 424 
power plant, 516 
pre-expulsion from feed water, 
147 


pressure, 18 

pressure-temperature changes, 

194 

refrigerating machine cycle, 408 
refrigeration, 617 
specific heat, 212, 231 
volume, 276 

temperature, absolute, 196 

volume-temperature change, lyo 

water, 424 
wells, 60 

working substance, 391 

(See also Coal gas; Flue gas) 
<‘Gas and Fuel Analysis,” White, 
on heating value of fuels, 427 
Gasoline, definition, 280 
mixing with air, 517 ^ ^ 

Gay-Lussac’s law, definition, 195, 


graph, 319 

Gtoeral Electric Co. thermostatic 
metal strip, 162 
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General gas law, deiiiutioii, 2 Id 
problems, 213 

Generator, eltHvtrie, dt'fmition, 2b 
Glass, expa-iusion, UU 
Goodenoxigli, on ammonia-vapor 
prop(n*tu^s, 370 
Grate area., boil(*rs, 5S8 
warm-air furuaca*, 599 
Grate, coal burning, eonubustion, 
444 

Gregory and Hadb'y, on Dalioids 
law, 280 

Grinnel sprinkler lu*.a.d, 257 
H 

Hail, 307 

^‘Handbook for Heating and Vent.i- 
lating tingineers,” HolTinan, 
on intermittent h('a,t.ing, 554 
Hard water, deiinii.iou, 150 
Harrison Safei.y Boiler Works, on 
exhaust-stcani Inciting, 559 
Heat, 35-39 
, absorber, 123 
abstraction, 131 
addition, 131 
effect, 159 
available, 412 
' capacity, 75 
chemical reactions, 65 
combustion, 440 
conduction (sc6 Coiuluc.tion; 
Conductor) 

consumption, prime movers, 554 

definition, 45 

derivation, 60 

development, 63 

due to compression, 64 

frictiona.1, 63 

interiral, 93 

latent (see Latent heat) 
mechanical energy, 63 
equivalent, 70 
from rays, sun, 61 
reflector, 123 


n(‘at , soun*<% (H) 66 
spt‘cili<t (sf-e Sp(‘cific. heat) 
sublimation, 142 
supply, room, 558 
unavailabl(‘, 112 
vaporization, 328 

bSV’c ulm Solar heat; Sun) 
^‘Hc‘a(,’^ 8h(’a.ly on polytropic 
exponent, 248 

Tlt^at balane(% boiler furnace, 459 
gas pow<‘r plant, 517 
st(^am pow(‘r plant, 507 
table., 509 

H(‘a.t effect, 131 -158 
(4<‘ctrieal (nua-gy, 64 
(‘mission, (4(‘(4.ric. heater, 602 
(‘lU'rgy, addition, 134 
as arcia, 342 

illustration, 335 
(‘onversiou, 74 
<l(‘fmit ion, 27 
(‘xpimding, 83 
nb(‘ration, 134 
transfer*, 333 

transformation into electrical 
tm(‘rgy, 150 
working prin(‘,ii)les, IX) 

Hcait eingine: (see kugine) 

H(‘at (‘lit ropy, chart, 346 

OS'ee alm> hhviropy; Tempera- 
ture (‘utropy) 

(‘xtract ion, mcudninical refrigera- 
tion, 623 
Heat, flow, 73 
(‘ondmdienq 101 
formula, 105 
rate, 111, 11 4 

Hciat itis\da.t.or (sect Tnsidator) 
nea,t loss, from building, 549 
Carpent(U’’H foruuda, 558 
st('.aixi boiler furna(*e, 453 
steam pipers, 467 
H(‘at itieasurxuxnmt, 67-96 
instrumemts, 649 

Heat ptimp {me Eefrigerating 
machine) 
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Heat pump, quantity, 67 
radiant {nee Radiation) 

Heat transfer, 97-130 
boiler, 128 

coefficients, materials, 551 
convection, utilization, 117 
effects, 45 
equation, 89 
perfect gas, 222 
radiation, 125 
room warming, 548 

{See also Conduction; Convec- 
tion; Radiation) 

Heat transformation, 67—96 
Heat transmission coefficient, 
building material, 551 
Heat waves, 120 
definition, 152 
reflection, 122 

Heat withdrawal, effect, 159 
Heater, electric, heat emission, 602 
feed-water {see Feed water) 
unit, 564, 590, 593 
Heating, direct, 563 
direct-indirect, 601 
hot water {see Hot water) 
indirect, 563, 590 
installation, design, 549 
efficiencies, table, 565 
intermittent, 553 
steam {see Steam heating) 
system, 584-587 
planning, 545 

{See also Building warming) 
Heating value of fuels, 426 
Hit-and-miss governing, 521 
Hoffman, on intermittent heating, 
54 

Horsepower, definition, 31 
indicated, 479 
rating, definition, 32 

internal-combustion engines, 
542 

Hot-ball ignition, 521 
Hot-blast system, 590 
Hot-bulb ignition, 521 


Hot-water heating, 568 
radiating surface, 574 
system, 176 

illustration, 116 
Humidifier, 302 
Humidifying apparatus, 562 
Humidity, 300 

effect on comfort, 559 
relative, determination, 305, 6^ 
Hydrogen, in coal, 457 
combustion, 440 
in fuel, 427 
Hygrodeik, 679 
Hygrometer, definition, 678 

{See also Thermometer, wef 
and-dry bulb) 


Ice, latent heat, 265 

melting, refrigeration by, 612 
molecules, 41 
raw-water, cans, 643 
Ice cans, 643 
Ice making, 256, 275 
Ice-making capacity, 645 
systems, 641 
Ignition, 519 

temperature, 439 

Indicator diagram, compressor, 404 
definition, 675 
Diesel engine, 401 
Rankine-cycle engine, 395 
refrigerating machine, 408 
steam engine, 395, 478 

{See also Pressure volume 
diagram) 

Indicator, engine, 677 
Infiltration, 552 
Injector, 485. 

Instruments, 649-682 
cost, table, 680 
temperature, range of, 681 
Insulation, refrigerated space, 608 
Insulators, material, 610 

{See also Conductor) i 



716 


PRACTICAL HR AT 


hiti'irlianger, (>31 
Intercooler, 405 
Internal lu'at , 93 

International C o r r e s p o n <1 e n c. e. 

BeliooLs, on open firi^place, 503 
Intrinsic htjat (ifcc Internal heat) 


Jackson system, cold storage, 009 
Jet condenser, 490 
Joule’s experiment, 224 
Joule-Thoinpson elTt'ct, 221 
expansion, 353 

Junction, cold, t,hermo-eh'(4 ric 
pyrometer, 002 

K 

Kelvin, Lord, on disgregation work, 
221 

Kerosene, mixing wiiti air, 517 
Kindling t(anp(U'a.t uri^ (sec Ignition) 


Lamps, 154- 

Latent In^at, condensation, steam, 
300 

definition, 91 
ice, 265 

illustration, 264 
melting, 263 
table, 266 
solidification, 264 
steam, 296 
vapor, 327 

condensation, 299 
vaporization, 293 
liquid, 298 
table, 296 

Law of partial pressures, 260 
Lead, melting, 139 
specific heat, 80 
Leakage (see Infiltration) 

Lens, refraction, 124 


Lib<u*a(k>n, iavat. energy, 134 
(flstt Ai)sorption) 

Light, <U‘fmition, 151 

energy {see Kmu-gy, radiant) 
ray, (hdleetion, 124 
wav(‘.s, tU'fiuit ion, 152 
ndh'ction, 122 
Tagnib^, 435 

Tantl(‘ li(piid-air apparatus, 646 
Liepudaet ion, 140 
gases, 312 

Ia(|uid air pn)<‘(\ss, 645 
molef(*uh‘s, 41 
r(‘(‘t‘iver, 623 

Lupiids, absorl>iug gas, 146 
boiling te‘mp(‘ratnn% 285 
(H>n Iran t i< >n , 1 59~1 86 
dissolving solids, 147 
<‘vapora.t ion, 270 
(‘xpansion, 159 186 
eul)ieai, 172 
mohamlar act ion, 43 
sptHulic. vi.s<*osity, 144 
sp(‘(4fie volume, table, 276 
vaporization, 91 
latent lu‘at, 298 
{Rve also Solut ion) 
Ijoeomotive, firidess, 467 
lu'at halau<a‘, 509 
IjOss<‘8, 459 

M 

Ma-eliine, refrig(‘rat.ing (see Refri- 
g(‘ra.1ing maehine) 
Maehin(‘ry\s Ilandlwok,” on 
nudal stre^ngths, 157 
Magm^sium (airbonate, 150 
Magnesium sulphate, 150 
Magnet, permammt., 155 
Manometer, 667 
mercury, 13 

(See also Ihirometer) 

** Manual of Mechanics and Heat,” 
Gregory and Hadley, on Dal- 
ton’s law, 280 
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Marks, L. S., on ammonia gas 
absorption, 146 
on ammonia vapor, 369 
on boiling temperatures, 285 
on carbon dioxide vapor, 372 
on conductivity, 108 
on critical temperatures, 316 
on engine classification, 531 
on gas density, 217 
on latent heat, 296 
on melting and freezing points., 
260 

on poly tropic exponent, 248 
on radiation constant, 126 
on saturated steam, 360 
on shrinkage, 178 
on specific heat values, 212 
volumes of liquids and gases, 
276 

on sulpliiir dioxide vapor, 370 
Marks and Davis, on boiling tem- 
peratures of water, 291 
on critical temperatures, 316 
on density of water, 359 
on specific heat, 76 
on superheated steam, 364 
Marvin, C. F., on humidity, 301 
on redative humidity, 304 
Mass, definition, 2 
Matter, 35--39 
composition, 36 
definition, 35 
indestructibility, 40 
properties which determine heat 
content, 67 
states, 41 

{See also Substance) 

Mean effective pressure, 479 
Mechanical action (see Energy, 
mechanical) 
efficiency, 411 
energy (see Energy) 
“Moelianical Engineers’ Hand- 
book” (see Marks, L. S.) 


^‘Mechanical Equipment of Bu 
ings,” Harding and Wills 
on heat supply, 559 
Mechanical-equivalent apparat 
70 

Melting, 255-268 
definition, 139 
latent heat, 263 
table, 266 
point, 139, 255 
points, table, 260 

pressure effects on, 262 
Mercury, 255 
barometer, 10 
expansion, 174 
gage, 14 

indicating thermometers, 651 
manometer, 13 
thermometer, 50 

graduation checking, 657 
Metal alloys, 256 
thermostatic, 161 
Metals, pyrometer thermocouples 
661 

solidification, 177 
strengths, table, 156 
Method of mixtures, 79 
Metric unit {see Unit) 

Mietz and Weiss engine, 548 
Millikan and Gale, on rain, 308 
on relative humidity, 305 
on vaporization, 285 
Miners’ safety lamp, 103 
Mirror, concave, 122 
Mixtures, method of, 79 
Modulus of elasticity, 181 
Moht, 105 

Moisture, condensation, 307 
in air, 458 
in coal, 456 
in fuel, 427 
Molecules, 34 
composition, 36 
Mollier chart, 346 
Mortar, for pulverizing of coal, 
428 
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Mosher on ammonia vapor, 369 
Motion, definition, 39 
reducing, 677 

Moyer, J. A., on coal analysis, 428 
on temperature-measuring in- 
struments, 681 

N 

Naphtha, 421 

Natural gas well, piping, 422 
Nitrogen, in flue gas, 448 
as fuel, 427 

O 

Ohm’s law of heat-flow circuit, 113 
Oil, distillation, fractional, 310 
furnace pyrometer, 660 
mining, 420 
wells, earth section, 60 
{See also Petroleum) 

011a (water jaw), 274 
Onderdonk air valve, 164 
O’Neill, H., on heat loss, 454 

due to hydrogen in coal, 457 
Orsat apparatus, 449 
Otto cycle, 381, 532, 537 
definition, 399 
engine, 542 
Overall efficiency, 483 
steam power plant, 505 
Oxygen, expansion, 239 
in flue gas, 448 
fuel, 427 

water solution, 147 
weight, fuel combustion, 446 
{See aUo Gas) 

Oxyhydrogen blow-pipe, 133 


Peat, 419 

classification, 436 

“Peele’s Mining Engineers’ Hand- 
book,” on conductivity, 108 


Pendants, 259 

“I^onder’s Electrical Engineers’ 
Handbook,” on (H)nductivitv, 
108 

Pendulum, compensated, 163 
mei'cury, 172 
Perfect eyede, 386 
Perfect gas {f^ee Ga,s, perfect) 
law {me Gtauiral gas law) 
Performance coeflicuxvnt, definition, 
378, 645 

maximum limits, 380 
Permanent gas, definition, 313 
Permarumt magnet, 155 
Perma-iient set, 180 
Ik'troleum, 420 
still, 311 

{See aim Oil) 

Physi(‘.al process, definition, 131 
Pifres sun powtT plant, 61 
Pintsch gas, 424 
Pipes, steam, lu‘at; loss, 4()7 
Piping, dry return, 578 

exhaust-stc‘a,m heating, 583 
hot-water heating, 569 
natural gas W(‘ll, 422 
steam, function, 467 
lu^at loss, 503 

stxuim-warmed building, 578 
wet I'cturn, 578 
?iston pump, 487 
danet(‘smalH, 62 
'Hdate” ice making, 644 
datimim black, 145 
?lenum system, 590 
?oint, of admission, 477 
of releases, 477 

'^l^opular Mechanic's,” Pyle, L., on 
thermomctc'r, 161 
Porter, H. K., Co., on locomotive, 
467 

Pound, definition, 1 
Powder, chemical energy, 25 
Power, 1-34 

consuihption, mechanical refrig- 
eration, 645 
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Mosher on ammonia vapor, 369 
Motion, definition, 39 
reducing, 677 

Moyer, J. A., on coal analysis, 428 
on temperatnro-measuring in- 
struments, 681 

N 

Naphtha, 421 

Natural gas well, piping, 422 
Nitrogen, in flue gas, 448 
as fuel, 427 

O 

Ohm^s law of heat-flow circuit, 113 
Oil, distillation, fractional, 310 
furnace pyrometer, 660 
mining, 420 
wells, earth section, 60 
(See also Petroleum) 

011a (water jaw), 274 
Onderdonk air valve, 164 
O’Neill, H., on heat loss, 454 

due to hydrogen in coal, 457 
Orsat apparatus, 449 
Otto cycle, 381, 532, 537 
definition, 399 
engine, 542 
Overall efficiency, 483 
steam power plant, 505 
Oxygen, expansion, 239 
in flue gas, 448 
fuel, 427 

water solution, 147 
weight, fuel combustion, 446 
(See also Gas) 

Oxyhydrogen blow-pipe, 133 


Peat, 419 

classification, 436 

“Peele’s Mining Engineers’ Hand- 
book,” on conductivity, 108 


Pendants, 259 

^‘Ponder’s Electrical Engineers’ 
Handbook,” on conductivity, 
108 

Pendulum, compensaical, 163 
mercury, 172 
Perfect (^ycle, 386 
Perfect gas (see Gas, perfect) 
law (see GtaKyral gas law) 
Performance coeffici(;nt, definition, 
378, 645 

maximum limits, 380 
Permanent gas, definition, 313 
Permanent magnet, 155 
Permanent set, 180 
Petroleum, 420 
still, 311 

(See also Oil) 

Physical process, definition, 131 
Pifres sun powcu’ plant, 61 
Pintsch gas, 424 
Pipes, steam, hc^at loss, 467 
Piping, dry return, 578 

exhaiist-st(\am heating, 583 
hot-water heating, 569 
natural gas w('ll, 422 
steam, function, 467 
heat loSvS, 503 

steam-warmed building, 578 
wet return, 578 
Piston pump, 487 
PlanetcsxKials, 62 
‘ opiate” ice making, 644 
Platinum black, 145 
Plenum system, 590 
Point, of adnxission, 477 
of release, 477 

''Popular Mechanic's,” Pyle, L., on 
thermometer, 161 
Porter, H. K., Co., on locomotive, 
467 

Pound, definition, 1 
Powder, chemical energy, 25 
Power, 1-34 

consuihption, mechairical refrig- 
eration, 645 
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Pow('r, tlc^finitioE, 30 
fi(yw {j^ee Heat flow) 
oviavshot water wlicnfl, 32 
{Bee, aUo Ilorsc^powor) 
“Power/' ()’N(‘ill, on lieatlosB, 454 
due to liydrogen in (H)al, 457 
Power plantj gas, flit) 

i n t r n a I - (E) lu I ) n s t io ii - engine , 
r)13'-544 
Kt(‘a-ny, 4t)4~"512 
a.nKilia.rieK, 484 
function, 4()4 

liea,t balance, 507, 509, 510 
illust ra-tion, 391, 405 
non-expaiusive, 384 
overall eflnucnicy, 505 
j)ortable, 406 
sunill~(aipacit3", 486 
Kim heating, 00 

“Powtu- Plant Testing/' Moyer, 
J. A., on coal analysis, 428 
on tinnpin-ature-ineasuring in- 
struments, 649, 681 
pumping water, 30 
st(uim-engine cylinder, 32 
unit, 31. 

“ Praetie.al Electric Illumination, " 
Croft, T., on filaments, 155 
on radiant energy, 152 
“Practical Electricity,” Croft, T., 
on electrons, 38 
Pressure, 1"~34 

absolute, definition, 15 
atmosx)heric, 8, 18 
ba.rometric, 9 

change in, effect on boiling 
points, 287 

classification, steam heating, 578 
compression, engine classifica- 
tion, 532 
critical, 313 
definition, 5 
formula, 7 
gas, 18 
hydraulic, 18 
intercooler, 407 


Pressure, mean effective, 479 
thermal {see Temperature) 
Pressure determinations, 671 
{See also Gage, pressure) 
Pressure gage, Bourdon-tube, 669 
combination graduations, 675 
combixied, 669 
definition, 13, 666 
diaphragm type, 572 
mercury, 14 
operation, 667 
vacuum, 14 
{Bee also Gage) 
Pressure-measuring, units, 18 
Pressure steam cooker, 290 
Pressure-temperature change, for- 
mula, 194 
Pressure units, 6 
table, 18 

Pressure-and-vacuum gages, 15 
Pressure volume diagram, Carnot 
refrigerating machine, 391 
cycle study, 381 
Diesel engine, 401 
Otto cycle, 399 
Rankine cycle, 394 
vapor refrigerating machine cy- 
cle, 410 

{See also Indicator diagram) 
Pressure volume graph, Carnot- 
cycle, 389 
work, 226 

Prime mover, heat consumption, 
540 

steam, commercial rating, 484 
definition, 475 
efficiency, 483 
function, 467 
steam rate, 483 
steam rate, reduction, 502 
thermal eflaciency table, 540 
Process, chemical (see Reaction) 
constant-temperature, 140 
endothermal, 134 
exothermal, 134 
physical, definition, 131 
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Producer gas, manufacture, 515 
Product of combustion, 440 
Pseudo cycle, 376, 382 
Psyciiro meter (sec Sling Psychro- 
metcr) 

Psych romctric chart, 305 
^‘Psychrometric Tables,” U. S. 
Dept, of Agric., on saturation, 
279 

U. S. Weather Bur., Marvin, 
C- F., on humidity, 301 
Pumps, 487, 492, 536 
Pyle, L., on thermometer, 161 
Pyrograph, 660 
Pyrometer, 649 
definition, 659 

(See also Fusion pyi'ometor) 

P 

Radiant energy (see Energy, ra- 
diant) 

Radiating surface, area, 573 
proportioning, 574 
Radiation, black-body, 664 
boiler furnace, 126 
constant, 126 
definition, 119 
equivalent direct, 573 
formula, 124 
heat loss, 459 

transfer, formula, 125 
illustration, 125 
loss, 459 

pyrometer (see F<5ry radiation) 
rate, radiator, 673 
room warming, 548 
transparent bodies, 120 
through vacua, 119 
Radiator, direct heating, 564 
direct-indirect heating, 601 
hot-water, 564 
radiation rate, 573 
steam, 564 

trap valve, 579 
Radiometer, rotation, 151 
Rain, 307 


“RandaH’s PracBcal Heat,” on 
condiudivity, 108 
Rang(^, (Hx>king, 567 
Raukine cycle, 381 
definition, 303 
modified, 398 
Raw-water ice (‘a, us, 643 
Reii(‘.tion, eluvnueal, 65 
d(‘finition, 132 
Rmuinmr s(\a,le, 51 
R(ud,ifi(‘r, ()31 
Re,<lueing motion, 677 
R(‘eve, on emagy traaisformation, 
28 

matha’, 43 
Refl(‘.ct,or, 1 23 
Refraction, 124 
R(drigera-nt, 619 

Refrigerating apparatais, va,por, 
618 

Refrigerating uuurliim', air, 407 
calculation, 638 
ammonia absorplion, 629 
Carnot, c.ycle, 390 
coefficient of pcadorinance, 645 
definition, 378 
cold-air, 637 
cycle, 407 
definition, 376 
dense air, 408 
gas, eyeh^, 408 
indicat.ed work, 411 
rating, f>44 
steam jet, 633 
sulphuric acid, 635 
vapor-absorption, (>31 
Refrigeration , 6()5"-“64 8 
definition, 605 
direct expansion, 639 
ccotiomy, 608 
gas, 617 

indirect air circulation, 640 
air expansion, 645 
mechanical, 610 

compressed-air expansion, 637 
heat extraction, 623 
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Rcfrigt'nit ion, in(‘rhani<‘nl, jxnvor 
(ronsnnnx!, <>'15 
principal typt's, (U7 
Viii>orii^(*<l I’upud^ (>2I 
nnalKMlH, (HO 
natnnil, CHO 
plant , .ship, (>0(> 
vapor, *109 
napiinninnils,' (>()<H 
unit of aapacily, 

UH(‘, (jOo, on 
va.<‘uuni, (528, (422 
vapor, <l<‘tinit ion, (H7 
<‘co!ioini(* op(‘ration, 625 
rorri|»;(‘rant , (519 
vapors tis<‘(l, 2(58 
wa.t(‘r vapor, (523 
lO^frigfU'ator, (506 
H(‘g(‘Iat ion, 263 
li(‘l>;ist<‘r, location, 592 
.siz<^ (501 

H,(^gula,t ion valve, 620 
IRhcaise, {)oiut of, 477 
.Resist anc(^, definition, 112 
fornnda., 114 

py round tu’, definition, 6(55 
unit, 112 

(Xcc alJio Conducta,ncc) 

Rensist ivity, definition, 113 
Ro(!k\V('ll, W. S., Co., on thcr- 
inonndrie .scales, 55 
Room, heat los.s, 552 
forinvda, 555 
heat supply, 558 
h(‘at.inj); installation, design, 549 
intennitteuxt In^ating, 553 
ocenipicd, Imniidity, 559 
temperature of incoming air, 597 
ventilation, 555 
warming, 548 

(See also Building) 

Rubber, expansion, 161 

S 

Safety plug, fusible, 258 
Salt brine (see Brine) 


Salt brine, common (see Sodium 
chloride) 

mohxaile, composition, 38 
solubility in water, heat effect 
148 

Saturation, definition, 279 
(See also Steam; Vapor) 
SawdiLst as fuel, 418 
Scale, boiler, definition, 150 
thcrinometric, 51 
Scavenging, 527' 

Scotch marine boiler, 472 
Seger cones, 258, 666 
Shcaly, on perfect cycle, 386 
on polytropic exponent, 248 
Shearing stress (see Stress, shear- 
ing) 

Ship, refrigeration plant, 606 
Shrinkage (see Contraction) 

Siphon jet Condenser, 490 
seal, 671 
Sleet, 307 

Sling psychrometer, 302 
Smith, A., on solubility, 148 
“Smithsonian Institution Bulletin 
on brine, 293 
conductivity, 108 
latent heats of melting, 266 
“Smithsonian Physical Tables,” on 
lineal expansion, 165 
on melting and freezing points, 
260 

on solubility of carbon dioxide, 
146 

salts, 148 

on wave lengths, 153 
Snow, 307 
Snowflakes, 308 

Sodium chloride, dissolved, freez- 
ing temperature, 262 
(See also Salt) 

Solar heat, source, 62 
also Sun) 

Solidification, 139 
latent heat, 264 
(See also Freezing) 
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Solids, absorbing gas, 144 
contraction, 159-186 
expansion, 159-186 
heating, formula, 90 
liquefaction, 260 
melting, 620 
molecular action, 43 
solution, 147 
specific heat, 79 

stress due to restrained expan- 
sion or contraction, 183 
Solubility in water, temperat.ure 
variation, 148 
Solution, 132 

boiling temperature, 292 
changing solid to liquid, 260 
defi.nition, 147 
saturated, 149 

solidifying temperatures, 256 
Space, universal, 36 
Spark, electric, 519 
Specific heat at constant pressure, 
232 

at constant volume, 231 
definition, 75 
determination, 78 
values, table, 77 

Sprinkler, liberating devices, 258 
State, change of, 132 
Steam, 319-374 
bled, 493 
boiler (see Boiler) 
pump, direct-acting, 382 
quality, determination, 358 
formula, 366 

saturated, dry, properties, table, 
360 

superheated, properties, table, 
364 

specific heat, 330 
temperature-entropy diagram, 
342 
wet, 321 

superheating, 367 
{See also Vapor; Saturation; 
Exhaust steam) 


^^Steam Boilers,’^ Croft, T., on air 
dra,fi, 219 

on boih'r classifu^ation, 469 
on convection, 119 
on draft gagtss, (>68 
on elastic limit, 182 
on sc^ale, 150 

Steam, coiuh^nsalion, 299 
definhlon, 269 
(dc<*tor, 493 
engiiKi {hvv hhigimO 
^hStea,m-(mgin(^ ^Brinciphns and 
Pnnttice/' Crol t, T., on (uigiiui 
tt^sis, 538 

on engines iind turbiiu's, 475 
on gravity-()i>(‘i-a,t(ul t rap, 585 
on in(li(^aiors, 67() 

Steam gage, Bourdon-t ulx^, 15 
heat-ent ropy cluirt,, 347 
heating, 574 
jet, draft, 503 
jet refrig(a*a,tion, (>33 
latent heat, 29() 
plant, energy distribution, 73 
“Steam Power Plant, A\ixiliari(‘s 
and Acex'ssories,” Croft, T., 
on eva, pond ion, 271 
on st(Mim pow(‘r plant devices, 
484 

on vaporization, 269 
Steam power plant {see Power 
plant) 

Steam prinu', mov(vr (sec Prime 
mover) 

St.eam ra<liator {see Radiator) 
Steam rate, 483 
nHluction, 502 
Steam separator, 367 
SR’sam superheater, 502 
“Steam Tables,” Marks and 
Davis, on boiling tempera- 
tures of water, 291 
on critical tcuiperaturcs, 316 
on density of water, 359 
on specific heat, 76 
on superheated steam, 364, 502 
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Steam turbine, 475, 480 
“Steam-turbine Principles and 
Pnictiec'/' Croft, T., on en- 
gines and turbines, 475 
Stefan-BoltKuuinn, formula, 124 
law of black-body radiation, 664 
“Stone’s blxperimental Physics,” 
on gas laws, 198 
Stove, 564 

Strain, definition, 180 
aUo Stress) 

Streugt.h, ultimate, 182 
Stress, compiH'.ssive, definition, 179 
restrafmed expa-nsion, 183 
definition, 180 
shearing, 179 
tensile, definition, 179 
{Hee aho Strain) 

Sublimat ion, 140, 269 
definition, 141 
Substiaiua^, a.morphous, 256 
c- r y s t . al lin e , 25 5 
definit ion, 35 
thentuvl capacity, 75 
total lu^at, 93 

{See also Matter) 

Suction stroke, definition, 525, 527 
Sulphur, combustion, 440 
Sulphur dioxide, as a refrigerant, 
368, 620 

saturated vapor tables, 370 
Sulphuric acid refrigerating ina- 
ciiine, 635 

Sun, source of heat, 60 
Sun’s rays, refraction, 124 
Superheater, definition, 502 
Superheater Co., on superheater, 
322 

Surface condenser, 490 
Surface expansion {see Expansion, 
areal) 

Surface vaporization (see Evapora- 
^ tion) 

Sweating, of cold surfaces, 307 
Sylphon trap, thermostatic, 579 


Tanbark, 418 

Taylor. Instrument Co., 663 
on recording thermometer, 679 
on relative humidity, 678 
on thermo-couple, 662 
on thermometer with socket, 653 

Telescope, pyrometer, Fcry radia- 
tion, 663 

Temperature, 35-59 
absolute, 196 
boiling, refrigerant, 619 
critical, 313 
definition, 48 
effective, definition, 560 
Fahrenheit and Centigrade 
scales, 58 

for fuel ignition, 439 
of fusion, 255 

solidification, 255 
measuring, 652 

instruments, range, 681 
multi-point, determination, 659 
obtained with freezing mixtures, 
615 

pendants, 259 

thermometer calibration tests, 
658 

{See also Boiling) 

Temperature entropy, Carnot en- 
gine, 389 
chart, 346 
diagram, 342 

cycle study, 382 
engine plant, nonexpansive, 
385 

Bankine Cycle, 395 
vapor refrigerating machine 
cycle, 410 

{See also Entropy; Heat en- 
tropy) 

Temperatures of important phe- 
nomena, table, 56 

Tensile stress, 179 

Test gage, 673 



724 


PHACTICAL HPJAT 


Thcmial brake efficiency, 483 
Thermal capacity, definition, 75 
Thermal conductance (see Con- 
ductance) 

Thermal conductivity (see Coii- 
du(d:lvity) 

Thermal efficiency, 380, 412 
Diesel cycle, 402 
heat consul nptioii, 540 
heat enpiine, 538 
dehnition, 377 
indicated, 412 

internal combustion engine, 538 
Otto cyclic, 400 
prime movers, 540 
Xlankine cycle, 390 
steam power plant, 505 
Thermal resistance {see Resistance) 
Thermal i*esistivity, 113 
thorn {see Thom) 

Thermo-couple, 660 
Thermodynamics, definition, 29 
first law, 69 
second law, 72 

** Thermodynamics of Heat-Kn- 
gincs,” Reeve, on energy trans- 
formation, 28 
on matter, 43 

Thermometer, definition, 50, 649 
home-made, 161 
wet-and-dry-bulb, 302, 678 
Thermos flask, 99 
Thermostat, 162 
Thom, 113 
definition, 105 

Thompson, Sir W., on disgregation 
work, 221 

Throttling expansion, 353 
calorimeter {see Calorimeter) 
^'Ton” refrigeration, 644 
Trap valve, steam radiators, 579 
Triumph freezing tank, 642 
Turbine, Alberger-Curtis, 481 
steam, 475 
function, 480 


Turpentin(% expa,nsic)n, 174 
Type-metal ingrtHlienls, 177 

U 

lflbri(dd. and Torraiuu^ on brake 
horst^pow(‘r, 543 
Ultimaf.c strength, 182 
Ultra,-viol(d, wa ves, 152 
ITnit.s, nudric, 2 

a.nd fkiglish syslcin, table, 4 
U. S. Bur(‘a,u of Slamiards, on 
nuxdiauical (‘qiuvahmt of heat 
70 

on pyronu‘t(u* (‘alil>ration, 662 
on thc!nnom(d;(vr calibration, 657 
U. S. I)(q)artinent of Agriculture, 
on sal.uralion, 279 
U. S. Fuel Administrat ion, on fiicd- 
lieat. (a)nt,(vnt in steam power 
plant., 508 

U. S. G(U)logic,al Survey, on heat 
loss, 462 

U. S. W(‘a,th(‘r Bun^aii, on relative 
humidity, (>79 

^‘l^syehrom{d.ric Ta.bh^s,” Mar- 
vin, C. F., on luimidity, 301 
on relative humidity, 304 


Vacuum gage^, 17 
ealihratlon, 673 
illustratioti, 14 

Vacuum r(4rig(‘rating machine, 
628, 633 

Vacuum sysi,ems, 579 
Valve, D-slide, steam engine, 477 
expansion, 625 
float fee<l, 517 
fuel inje(d.ion, 519 
trap, 579 
Vapor, 319-«374 
absorpt.ion, 629 
aqueous {see Steam) 
carbon dioxide, saturated, table, 
372 
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Vapor, Dalton's laws, 279 
(iefinition, 41, 187, 319 
dry, 321 
gasoline, 421 
heat engine, 393 
internal lieat, 332 
mixed, effect on boiling point, 
282 

satnral.ed, definition, 278, 320 
quality, 325 
speeifiic volumes, 331 
superheated, 320 
definition, 322 
total heat., 329 
supersa til rated , 320 
definition, 323 
total heat, 328 
water, heat loss, 456 
wet, 321 

entropy, 345 
total heat, 329 

working substance in Carnot 
machine, 389 

Vapor compression, 349, 358 
refrigeration machine, compres- 
sor function, 626 
refrigeration machine, essential 
parts, 623 

Vapor condensation, latent heat, 
299 

Vapor cycle {see Cycle) 

Vapor entropy values, 344 
Vapor expansion, 349 
Vapor function, 320 
Vapor pressure, 277 
Vapor properties, 323, 346 
Vapor refrigerating machine cycle, 
408 

Vapor refrigeration, 617 
economic operation, 635 
practice, 368 
Vapor tables, 325 
Vapor tension (see Vapor pressure) 
‘'xVaporization, 269-318 
. carbon dioxide, 315 « 
definition, 139, 269 


Vaporization, internal, 284 
latent heat, 293 
liquid, 298 
tables, 327 
volume increase, 275 

{See also Ebullition; Evapo- 
ration) 

Ventilation, 118 

heat loss from room, 554 
room, 555 

Vibration heat, 47, 231 

Vibration work, 83 
gas, 222 

Vilter Manufacturing Co., vapor 
compression, 622 

Viscosity, definition, 143 

non-crystalline substance, 256 
tests, 144 

Volatile matter in fuel, 427 
substance, 270 

Volume teinpei*ature changes, 195 

Volumetric efficiency, compressor, 
404 

W 

Warm air currents, 219 

Warm air furnace, 565 

grate area computation, 599 
illustration, 117, 561 
maximum temperature, 599 
pipeless, 436, 590 

Warm-air heating air velocity, 601 

Watch, balance wheel, 163 

Water, absorption of air, 146 
boiling temperature, table, 291 
circulation, in boiler, 116 
contraction, 174 
cooling in dry climates, 274 
critical conditions, 312 
decomposition, 133 
density, table, 359 
effects of heating, 47 
energy, 22 
evaporation, 61, 611 
expansion, 174 
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Water, frees^ing, 273 
expansion force, 176 
temperature, lowering, 263 
gas, 424 

heat required to change tempera- 
ture, 68 

molecule, composition, 38 
molecules, 41 

prevention of freezing, 262 
pumping, 30 
seal, 671 
specific heat, 76 
specific volume, table, 359 
Water pan, direct-heating system, 
562 

warm-air furnace, 561 
Water power, building heating, 547 
Water vapor, in coal, heat loss, 456 
in flue gas, 448 
refrigeration, 633 
{See also Steam) 

Water wheel, overshot, power, 32 
Watt, J., 31 
Wave length, 152 
Webster system, 583 
Weight, definition, 2 
measuring, 2 
unit, 3 

{See also Force) 

Wet-and-dry-bulb thermometer, 
302 

Wheeler condenser, 27.6 
White, on heating value of fuels, 
427 


Winalrawing, 353 
Wood alcohol, 422 
Wood, <listillation, 311 
Work, 1-34 
(h'.fiuitioii, 19 
diagram, 228 

<lisgr(‘ga,tion {see Disgregation 
work) 

elT(H‘,tive, gas expa.n.sion, 230 
external {see Mxt(‘rual work) 
fonmila, 19 

gas compression a-nd expansion, 
228 

graphie. repn^sc^ntadon, 224 
indieatcul, 411 
stroke, 525 
unit, 20 

vibration Vibration work) 
Working sul)stance, 376 
vapor, 388 

Y 

York amiiumi{i-eompr(^SHor cylin- 
der, 626 

Young’s modulus, 181 
Z 

Zero absolute, 196 
Zero gag{^ puissure, 17 
Zinc, solidification, 265 
Zoned Jieating syst-imi, 587 




